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The  Sixth  Symposium  (Internationa!)  on  Detonation  was  held  at  the  Hotel  del 
Coronado  in  Coronado,  California  (a  suburb  of  San  Diego)  in  the  four  day  period  August 
24  to  27,  1976. 


The  sponsoring  organizations  were: 


Lawrence  Livermore  Laboratory,  Livermore,  CA  (LLL) 

Los  Alamos  Scientific  Laboratory,  Los  Alamos,  NM  (LASL) 

Naval  Surface  Weapons  Center,  White  Oak,  Silver  Spring,  MD  (NSWC) 
Office  of  Naval  Research,  Arlington,  VA  (ONR) 

The  following  committees  were  responsible  for  the  operational  details: 


ORGANIZING  COMMITTEE 

William  E.  Deal,  LASL 
David  J.  Edwards,  NSWC 
-lerrcmTcsTLLL 
John  W.  Kury,  LLL 
Richard  Miller,  ONR 
D.  John  Pastine,  NSWC 

TECHNICAL  PAPERS  REVIEW 

William  E.  Deal,  LASL 
John  W.  Kury,  LLL 
D.  John  Pastine,  NSWC 
Donna  Price,  NSWC 
Sigmund  J.  Jacobs,  NSWC 

POSTER  SESSION 

John  W.  Kury,  LLL 
Donald  Ornellas,  LLL 


GENERAL  ARRANGEMENTS 

Lee  H.  Hicks,  Secretary 
Treasure  i.  LLL 
Alita  Roach,  LASL 
Wanda  Dowling,  NSWC 
Diana  L.  Vargas,  Systems,  Science, 
and  Software 

WOMEN’S  ACTIVITIES 
Mary  Kury,  LLL 
LOCAL  ARRANGEMENTS 
John  L.  Deubie.  Systems,  Science, 
and  Software 

PREPRINTS/PROCEEDINGS 

David  J.  Edwards,  NSWC 
Minge  Frye,  NSWC 


The  meeting  was  divided  into  sessions  for  the  floor  presentations.  We  were  honored 
to  have  Dr.  Harold  M.  Agnew,  Director,  Los  Alamos  Scientific  Laboratory  as  the  Guest 
Speaker  for  the  Symposium’s  Banquet.  His  topic  was,  “Advanced  Energy  Technologies”. 
It  dealt  with  the  broad  problems  facing  the  world  in  its  need  for  development  of  new 
sources  of  energy  to  meet  the  growing  demand. 

A unique  addition  to  the  presentations  at  the  symposium  was  the  inclusion  of  a 
“Poster  Session”,  an  exhibit  form  of  presentation  in  which  the  authors  employed  posters 
and  displays  of  hardware  to  illustrate  the  subject  matter.  The  experiment  was  so 
successful  that  it  is  very  likely  to  be  repeated  in  future  meetings  of  this  series. 

This  volume  contains  the  complete  set  of  papers  and  discussions  for  both  the 
formal  sessions  and  the  poster  sessions  of  the  Sixth  Symposium  (International)  on 
Detonation.  To  assist  in  identifying  contributors  an  index  has  been  appended  at  the  end 
of  this  volume.  A list  of  attendees  to  the  symposium  is  also  appended. 
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This  series  of  symposia  began  in  1951  when  a “Conference  on  the  Chemistry  and 
Physics  of  Detonation”  was  held  at  the  old  Navy  Building  under  the  sponsorship  of  the 
Office  of  Naval  Research.  The  meetings  became  international  with  the  Fourth  Symposium 
on  Detonation  jointly  sponsored  by  ONR  and  NOL  at  the  Naval  Ordnance  Laboratory 
in  1965.  Information  regarding  availability  of  the  documentation  of  previous  symposia 
is  included  here  for  the  reader’s  information. 

The  chairman  is  grateful  to  the  above  organizations  and  to  the  many  contributors. 

The  chairman  is  grateful  to  the  sponsoring  organizations,  to  the  members  of  the 
above  mentioned  committees,  and  to  the  contributors  of  papers  and  poster  displays 
for  their  cooperation. 

DAVID  J.  EDWARDS,  Editor 
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A 4-inch  light  gas  gun  is  used  to  impact  pressed  TNT  and  a streak  camera  is  used  to 
measure  the  velocity  of  the  resulting  disturbance  generated  at  the  rear  surface.  At 
one  extreme,  one  can  measure  the  minimum  shock  pressure  required  to  generate  an 
immediately  visible  reaction  and  at  the  other  extreme  the  conditions  required  to 
produce  detonation.  These  two  different  tests  allow  one  to  separate  the  sensitivity 
to  ignition  by  shock  from  the  sensitivity  to  detonation  by  shock.  Measurements 
were  made  on  TNT  charges  pressed  to  three  different  conditions:  (1)  large  grain 
TNT  pressed  to  1.30  gmms/cc  density,  (2)  huge  grain  TNTptessed  to  1.55 
grams/cc,  and  (3)  small  grain  TNT  pressed  to  1.55  grams/cc.  The  sensitivity  to 
ignition  followed  the  order  (1),  (2),  (3)  with  (1)  being  ignited  at  the  lowest 
pressure,  and  the  sensitivity  to  detonation  followed  me  order  (3),  (2),  (1)  with  (3) 
requiring  the  least  critical  energy. 


INTRODUCTION 

There  is  a long-standing  need  to  understand  the 
process  by  which  shock  waves  initiate  reaction  and 
buildup  to  detonation  in  high  explosives,  both  from 
the  standpoint  of  fundamental  interest  and  from  the 
need  to  know  the  parameters  controlling  the  sen- 
sitivity of  explosives.  The  majority  of  high  explosives 
used  are  too  sensitive -they  don’t  have  to  be  this 
sensitive  to  be  detonated  when  detonation  is  desired. 
The  excess  sensitivity  represents  an  unnecessary 
hazard.  If  the  sensitivity  of  the  high  explosive  is  to 
be  decreased,  it  will  be  done  by  raising  the  pressure  at 
which  reaction  starts,  and  that  is  why  we  are  con- 
cerned with  measuring  this  parameter. 

The  recent  addition  of  the  4-inch  diameter  Light 
Gas  Gun  Facility  to  the  Ballistic  Research  Labora- 
tories, coupled  with  existing  high  speed  optical 
recording  equipment  has  made  it  possible  to  generate 
precisely  controlled  shocks  in  explosive  samples  and 
to  study  the  resulting  reaction.  The  net  result  is  that 


the  shock  pressure  region  where  explosive  reaction  is 
just  beginning  c u.  be  accurately  delineated.  With 
these  techniques  this  parameter  now  can  be  measured 
as  a function  of  explosive  density  and  grain  size  for  a 
variety  of  explosives. 

The  technique  for  detecting  the  start  of  reaction  in 
the  explosive  consists  of  using  the  4-inch  diameter 
Light  Gas  Gun  to  generate  a precisely  controlled 
shock  of  large  planar  area  in  the  explosive  sample  and 
measuring  the  velocity  of  the  rear  surface  of  the  ex- 
plosive. When  the  shock  pressure  is  too  low  to  cause 
reaction,  the  velocity  of  the  rear  surface  can  be  cal- 
culated from  the  porous  equation  of  state  for  the 
explosive  with  the  explosive  considered  to  be  inert. 
The  streak  camera  measurements  in  the  low  pressure 
range  are  in  agreement  with  these  calculations.  When 
the  shock  pressure  becomes  high  enough  to  cause 
reaction,  there  is  a divergence  of  the  measured  veloc- 
ity from  the  calculated  (inert)  velocity,  and  the  break 
point  defines  the  start  of  reaction. 


The  energy  per  unit  area  just  necessary  to  cause 
detonation  which  is  transferred  to  the  explosive  by 
the  flyer  plate  will  be  referred  to  hereafter  simply  as 
critical  energy.  This  critical  energy  can  be  deter- 
mined using  a modification  of  the  above  technique . 

A thin  plate  of  aluminum  is  projected  against  the 
explosive  sample  and  the  velocity  of  the  reaction 
products  emerging  from  the  rear  surface  of  the  ex- 
plosive is  measured.  Since  the  velocity  of  these 
products  is  known  for  full  detonation,  the  velocity  of 
the  donor  aluminum  plate  can  be  varied  in  small  steps 
until  full  detonation  occurs,  and  the  critical  energy 
can  be  calculated  (1). 

These  two  different  tests  allow  one  to  separate  the 
sensitivity  of  the  explosive  to  ignition  by  shock  from 
the  sensitivity  to  detonation  by  shock. 

EXPERIMENTAL  SET-UP 

A schematic  drawing  of  the  experimental  arrange- 
ment is  shown  in  Fig.  1 . The  light  gas  gun  fires  a 
nominal  4-inch  diameter  projectile  which  impacts  the 
explosive  sample  in  an  evacuated  target  chamber 
(approximately  50  torr  pressure.)  Both  the  exploding 
wire  light  source  and  the  ever-ready  rotating  mirror 
streak  camera  are  external  to  the  target  chamber  and 
view  the  event  through  glass  ports.  The  streak  camera 
is  located  alongside  the  gun  barrel  due  to  space  limita- 


tions; hence  the  turning  mirror  is  required  to  deflect 
the  image  as  shown. 

For  the  experiments  designed  to  detect  the  mini- 
mum pressure  at  which  visible  reaction  occurred,  the 
projectile  impacted  the  explosive  sample  directly,  as 
indicated  in  Fig.  1 . However,  for  the  experiments 
designed  to  measure  the  critical  energy  required  to 
cause  detonation,  the  projectile  had  a brass  face  plate 
0.318  cm  (0.125  in.)  thick  attached  to  the  normal 
1 .27  cm  (0.50  in.)  thick  aluminum  front.  The  pro- 
jectile did  not  impact  the  explosive  sample  directly, 
but  instead  struck  an  aluminum  plate  of  either  0.10 
cm  (0.040  in.)  or  0.32  cm  (0.125  in.)  nominal  thick- 
ness which  was  spaced  1 .27  cm  (0.50  in.)  from  the 
explosive  sample.  When  impacted  by  the  brass  faced 
projectile,  this  aluminum  plate,  having  a smaller 
shock  impedance  than  the  brass,  acquired  a higher 
velocity  and  separated  from  the  brass.  Over  the  1 .27 
cm  (0.50  in.)  of  travel  before  striking  the  explosive 
sample,  the  aluminum  ran  ahead  of  the  brass  fac^d 
projectile  an  appreciable  distance.  When  the 
aluminim  flyer  plate  then  struck  the  explosive,  one 
Itad  sufficient  time  to  observe  the  resultant  reaction 
before  the  slower  moving  brass  faced  projectile  struck 
the  explosive  and  caused  additional  reaction.  The 
low  density  (1 .3  gram/cc)  explosive  was  0.95  cm 
(0.375  in.)  thick  and  the  higher  density  (1 .55  gram / 
cc)  explosive  was  1 .59  cm  (0.625  in.)  thick. 
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POROUS  EQUATION  OF  STATE 

The  Hugoniot  for  the  shocked  porous  TNT  can  be 
developed  in  the  following  manner  (2).  Figure  2 
shows  the  situation  where  both  a solid  material  (s 
subscript)  and  a porous  material  or  foam  (f  subscript) 
are  shocked  to  the  same  specific  volume  V from 
different  initial  states  (o  subscript).  The  pressure  in 
the  foam  material  will  be  higher  than  that  in  the  solid 
due  to  the  additional  internal  energy  deposited  in  the 
foam  material  by  the  collapse  of  the  pores.  The 
Gruneisen  equation  of  state  assumes  that  the  inde- 
pendent variables  are  specific  volume  and  internal 
energy,  that  the  pressure  is  proportional  to  the  inter- 
nal energy  or  P = F(V)E,  and  that  F(V)  is  of  the  form 
F(V)  ■ T (V)/V.  In  the  pressure  range  of  interest 
here,  one  can  assume  that  the  Gruneisen  parameter 
T(V)  is  not  a function  of  V but  is  a constant,  and  can 
be  evaluated  at  the  initial  specific  volume  to  give, 


Fig,  1.  Experimental  arrangement.  r(V)  = T0  = V0(dP/3E)yo  = oC^/C p. 
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where  a is  the  coefficient  of  thermal  expansion,  C0  is 
the  bulk  sound  velocity,  and  Cp  is  specific  heat  at 
constant  pressure.  Thus  P = P0  E/V,  and  it  follows 
that  Pf  ~ P,  = T0  (Ef  - E,)/V.  One  can  use  the  Hugo- 
niot  jump  conditions  to  evaluate  Ef  and  E,: 

Since  Ef  - Eof  « Pf<Vof  - V)/2 

and  E,  - E0,  = Pf(V01  - V)/2 

and  Eof  as  E0i 

Then  subtracting  gives 

Ef  - E,  - P|<Vof-V)/2  - P,(V0,-V)/2 

Thus 

Pf  - P,  - r[Pf(Vof-V)/2  - Ps(V0,-V)/2j/V 
which  simplifies  to 

v -v-2v/r 
p'  ■ p-  vTFv-zv/r 

Thus  the  shock  in  the  porous  explosive  is  ex- 
pressed in  terms  of  the  pressure  produced  in  the  splid 
(P,)  by  compression  to  the  same  specific  volume  V 
multiplied  by  a function  of  the  various  specific 
volumes,  all  of  which  are  known  or  can  be  calculated. 

Using  the  shock  jump  condition  relating  pressure, 
shock  velocity  U and  particle  velocity  u, 


Fig,  2,  Shock  compression  of  solid  and  porous 
explosives. 


P = pof  uU;  then  U2  = P V2f/(Vof  - V)  (2) 

u = U(Vof-V)/Vof  (3) 

For  the  shock  pressures  and  porosities  employed  in 
these  studies,  it  is  assumed  that  the  voids  in  the  ex- 
plosive are  completely  collapsed  by  the  passage  of  the 
shock  wave  and  that  the  subsequent  expansion  that 
occurs  when  the  pressure  is  reduced  to  zero  is  that  of 
the  solid  explosive. 


RESULTS 

Measurements  were  made  on  TNT  cf  two  different 
grain  sizes  and  of  two  different  densities  to  determine 
the  minimum  shock  pressure  at  which  immediately 
visible  reaction  begins  and  to  measure  the  critical 
energy  necessary  to  detonate  these  samples.  The 
minimum  shock  pressure  which  causes  reaction  is  a 
measure  of  the  ease  of  ignition  of  the  samples,  while 
the  critical  energy  required  for  detonation  is  a mea- 
sure of  the  ease  of  detonation  of  the  samples.  The 
shock  buildup  to  detonation  process  can  be  viewed  as 
one  in  which  ignition  is  caused  by  shock  collapse  of 
the  voids  within  the  explosive,  and  the  subsequent 
reaction  which  leads  to  detonation  as  a grain  burning 
process.  If  the  density  and  the  grain  size  of  the 
samples  are  varied  separately,  this  will  be  equivalent 
to  varying  the  void  size  and  the  surface  area  of  the 
explosive  grains  separately,  and  should  affect  the 
ignition  process  and  the  buildup  to  detonation 
process  independently. 

The  TNT  pressings  which  were  used  in  these  ex- 
periments were  made  from  fractions  sifted  from  TNT 
powder  prepared  by  solvent  precipitation.  The 
coarse-grained  samples  represented  that  fraction 
which  passed  a #50  U.S.  Standard  Sieve  and  was 
retained  on  a #70  sieve.  The  fine-grained  ones  rep- 
resented that  fraction  which  passed  a #200  sieve  and 
was  retained  on  a #230  sieve.  Surface  area  measure- 
ments were  made  on  the  resulting  pressings  by  V. 
Boyle  of  BRL  (3)  and  are  given  in  Table  1 . 

In  Fig.  3,  the  reaction  products  velocity  is  shown 
for  the  coarse  grain  TNT  pressed  to  two  different 
densities  (ps  1 .3  gm/cc  and  p ■ 1 .55  gm/cc).  The 
velocity  which  the  sample  would  have  if  no  reaction 
had  occurred  was  computed  from  the  porous 
equation  of  state  for  TNT  and  is  plotted  on  the 
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figure.  It  can  be  seen  that  the  low  density  sample 
indicates  reaction  at  4.5  kilobars,  while  the  high 
density  sample  with  its  smaller  voids  starts  to  react  at 
about  14  kilobars.  It  was  found  that  jetting  from  the 
pores  of  the  sample  could  cause  a false  reading,  and  a 
layer  of  plastic  0.5  mil  thick  was  used  to  retard  this 
jetting  without  interfering  with  the  expansion  of  the 
reaction  products. 

The  results  for  fine  grain  and  coarse  grain  TNT 
pressed  to  a density  of  1 .55  gm/cc  are  shown  in  Fig. 
4.  Since  only  density  (or  specific  volume)  is  involved 
in  calculating  the  shock  response  of  the  porous  ex- 
plosive (Eqs.  1 , 2,  and  3),  both  grain  sizes  have  the 
same  inert  shock  response. 


Although  both  samples  have  the  same  total  void 
volume,  the  coarse  grain  pressings  have  larger  in- 
dividual voids  than  the  fine-grain  pressings  and  show 
reaction  at  the  slightly  lower  pressure  of  14  kilobars 
compared  to  15  kilobars  required  for  the  fine  grain. 
Although  the  fine  grain  pressings  required  a higher 
pressure  to  cause  Initial  reaction,  once  reaction 
started,  it  went  to  detonation  more  rapidly.  The  fine 
grain  pressings  were  unreacted  at  15  kilobars  and  at 
full  detonation  at  16.1  kilobars.  The  two  experi- 
mental points  at  12.9  kilobars  and  13.9  kilobars  are 
considerably  above  the  calculated  inert  curve  for  the 
coarse  grain  1 .55  density  TNT.  This  may  be  experi- 
mental error  or  it  may  represent  a small  amount  of 
immediately  visible  reaction,  as  examination  of  Fig.  5 


TABLE  1 


Physical  Characteristics  of  TNT  Pressings 


Sieve  Size 
Range 

Sieve  Opening 
Range  (pm) 

Density 

(gm/cc) 

Surface  Area 
(cm2/gm) 

loose  powder 

1 .14  X 103 

50-70 

210-297 

1.30 

1.23  X 103 

1.55 

1.66  X 103 

loose  powder 

2.25  X 103 

200-230 

62-74 

1.30 

3.22  X 103 

1.55 

2.45  X 103 

Fig.  3.  Reaction  of  coarse  grain  TNT  at  two  densities.  Fig.4.  Reaction  ofTNT  of  different  grain  sizes  at 

same  density. 
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will  show.  Here,  the  reaction  products  velocity  is 
plotted  versus  time  after  shock  emergence  for  the 
three  shots  at  1 1 .4, 1 2.9,  and  1 3.9  Idlobars.  For  the 
1 1 .4  kilobar  shot,  the  velocity  of  the  reaction  was 
constant  for  approximately  10  pace  after  which  the 
velocity  jumped  to  a higher  value.  The  shot  at  12.9 
kilobars  had  a constant  velocity  for  approximately 
1 .5  /usee  after  which  delayed  reaction  gradually  in- 
creased the  velocity  of  the  products  to  2 mm/psec. 
The  shot  at  13.9  kilobars  had  the  same  initial  velocity 
as  the  12.9  shot  but  delayed  reaction  started  sooner 
at  1 .0  psec,  the  velocity  then  increased  more  rapidly 
than  the  12.9  shot,  and  a jump  occurred  at  7.7  /use c 
to  a higher  velocity. 

Flyer  plate  measurements  and  calculations  are  in 
Tables  2, 3,  and  4 and  Figs.  6 and  7.  The  measure- 
ments tabulated  in  Table  2 are  also  plotted  in  Figs.  6 


Fig.  5.  Reaction  products  velocity  versus  time. 


TABLE  2 

Energy  Venus  Reaction  Response 


0.040  In.  Thick  Aluminum  Flyer  Plate 

TNT:  Coarse  Grain-Thru  #50  Sieve  onto  #70,  Density  = 1 .55  gm/cm3 


Gun  Breech  Pressure  (psi) 

1250 

1300 

1350 

1400 

1450 

1500 

Flyer  Plate  Energy  (cal/cm2) 

Reaction  Products  Velocity 

21.0 

22.0 

22.7 

23.3 

24.1 

25.0 

(mm/psec) 

0.75 

1.77 

5.60 

10.2 

9.19 

9.39 

TNT:  Fine  Grain-Thru  #200  Sieve  onto  #230,  Density  ■ 

1.55  gm/cm3 

Gun  Breech  Pressure  (psi) 

1150 

1225 

1300 

1400 

Flyer  Plate  Energy  (cal/cm2) 

Reaction  Products  Velocity 

19.2 

20.6 

22.0 

23.3 

(mm/psec) 

0.27 

0.35 

9.32 

9.73 

TNT:  Coarse  Grain-Thru  #50  onto  #70,  Density 

= 1 .3  gm/cm3 

Gun  Breech  Pressure  (psi)  1 200 

1250 

1300 

1400 

1600 

2000 

2500 

3000 

Flyer  Plate  Energy  (cal/cm2)  20.2 

Reaction  Products  Velocity 

20.9 

21.9 

23.6 

26.6 

32.4 

39.6 

45.3 

(mm/psec)  2.2 

0.125  In.  Thick  Aluminum  Flyer  Plate 

2.92 

3.96 

4.55 

5.55 

7.30 

9.22 

10.2 

TNT:  Coarse  Grain-Thru  #50  onto  #70,  Density 

u 1 .3  gm/cm3 

Gun  Breech  Pressure  (psi) 

980 

1030 

1080 

1130 

1200 

1275 

Flyer  Plate  Energy  (cal/cm2) 

Reaction  Products  Velocity 

45.29 

51 25 

54.16 

56.74 

60.08 

63.36 

(mm/psec) 

6.28 

7.60 

8.17 

8.87 

9.42 

9.57 

and  7.  The  critical  energy  criterion  can  be  formu- 
lated as: 

Pu(At)  = constant. 

An  alternative  criterion  is: 

p2(At)  = constant, 

where  (At)  is  the  time  of  application  of  the  shock 
pressure  P against  the  explosive,  and  u is  the  particle 
velocity  of  the  explosive  at  this  pressure.  These 
values  are  tabulated  in  Table  3 for  the  estimated 


detonation  point  in  the  four  series  of  tests.  Only  the 
two  tests  made  with  coarse  grain  TNT  of  1 .30  gm/cc 
density  allow  a comparison  to  be  made  of  the 
criteria.  In  Table  4,  the  estimated  detonation  point 
obtained  with  the  0.040  in.  aluminum  flyer  plate  has 
been  chosen  as  a reference.  The  values  of  Pu(At)  and 
p2(At)  at  each  of  the  shot  points  of  the  0.125  in. 
aluminum  flyer  plate  have  been  calculated.  Here  deton- 
ation first  occurs  at  a flyer  plate  energy  of  60.1 
cal/cm2.  The  P2(At)  values  of  378  kilobar2-/isec 
agree  exactly,  while  the  Pu(At)  value  for  the  0.125  in. 
aluminum  is  31 .1  cal/cm2  versus  24.6  cal/cm2  for  the 
0.040  in.  aluminum.  Thus,  in  this  limited  test,  using  a 


TABLE  3 


Critical  Energy  for  Detonation 


Flyer  Plate  Thickness 
(in.  nominal) 

0.040 

0.040 

0.040 

0.125 

Flyer  Plate  Kinetic 

Energy  (cal/cm2) 

22.0 

23.2 

43. 

60.1 

Explosive  Density  (gm/cc) 

1.55 

1.55 

1.3 

1.3 

Grain  Size 

Fine 

Coarse 

Coarse 

Coarse 

Explosive  Pressure  (Kbar) 

29.5 

30.5 

32.0 

18.2 

Explosive  Particle 

Velocity  (mm/psec) 

0.578 

0.592 

0.8/1 

0.627 

Pulse  Time  (Msec) 

0.372 

0.371 

0.370 

1.142 

Pu  (At)  (cal/cm2) 

15.2 

16.0 

24.6 

31.1 

P2  (At)  (Kbar2 -Msec) 

324. 

346. 

378. 

378. 

TABLE  4 


Aluminum  Flyer  Plate  Against  Coarse  Grain  TNT 
(p  * 7.30  gm/cc) 


Flyer  Plate  Thickness 


(in.  nominal) 

0.040 

0.125 

0.125 

0.125 

0.125 

0.125 

0.125 

Flyer  Plate  Kinetic 

Energy  (cal/cm2) 

43.0 

45.3 

51.3 

54.2 

56.2 

60.1 

63.4 

Reaction  Products 

Velocity  (mm/psec) 

9.75 

6.28 

7.60 

8.17 

8.87 

9.42 

9.57 

Explosive  Pressure 

(Kbar) 

32.0 

14.7 

16.1 

16.8 

17.4 

18.2 

19.0 

Explosive  Particle 

Velocity  (mm/psec) 

0.871 

0.553 

0.584 

0.598 

0.611 

0.627 

0.643 

Pulse  Time  (psec) 

0.370 

1.149 

1.145 

1.145 

1.142 

1.142 

1.138 

Pu  (At)  (cal/cm2) 

24.6 

22.2 

25.8 

27.5 

29.0 

31.1 

33.2 

P2  (At)(Kbar2-Msec) 

378 

247 

298 

323 

346 

378 

411 
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fairly  low  density  (p  = 1 .30  gm/cc)  pressing,  the  P2(At) 
criterion  holds  but  the  Pu(At)  criterion  does  not. 

It  should  be  recalled  that  the  explosive  sample  is 
0.375  in.  thick,  or  only  3 times  as  thick  as  the  0.125 
in.  impacting  flyer  plate.  No  experiments  have  been 
performed  yet  to  determine  whether  a thicker  ex- 
plosive sample  would  detonate  when  impacted  by  a 
0.125  in.  thick  aluminum  flyer  plate  with  less  than 
60.1  cal/cm2  kinetic  energy.  If  so,  this  would  shift 
the  Pu(At)  value  closer  to  that  obtained  with  the 
0.040  in.  thick  flyer. 

The  results  of  the  experiments  to  measure  the 
minimum  shock  pressure  required  to  produce  visible 
reaction  and  the  experiments  to  measure  the  critical 
energy  required  to  cause  detonation  are  summarized 
in  Table  5. 


CONCLUSIONS 

The  ignition  process  and  the  buildup  to  detonation 
process  are  independent.  The  ignition  process  de- 
pends primarily  on  total  void  volume,  the  larger  the 
total  void  volume,  the  lower  the  shock  pressure  re- 
quired for  ignition.  While  for  buildup  to  detonation, 
the  process  depends  upon  the  specific  surface  area  of 
the  explosive  grains.  For  a large  surface  area,  or  small 
grain  size,  the  buildup  takes  place  more  rapidly  than 
for  a small  specific  surface  area  (or  large  grain  size). 

Table  5 summarizes  the  results  of  these  experi- 
ments. The  ignition  process  depends  primarily  on 
total  void  volume.  The  larger  the  total  void  volume, 
then  the  lower  is  the  shock  pressure  required  for 
ignition.  This  can  be  seen  by  comparing  the  shock 
pressure  of  4.5  kilobars  required  to  ignite  the  large 


Fig.  6.  Energy  versus  reaction  response  for  0. 040  in.  Fig.  7.  Energy  versus  reaction  response  for  1. 30  gm/cc 
aluminum  flyer.  TNT. 

TABLE  5 


Ignition  Pressure  and  Energy  for  Detonation 


Spec.  Surface 
Area  (cm2/gm) 

Density 

(gm/cm3) 

Grain 

Size 

Min.  Shock  Pressure 
for  Ignition  (Kbar) 

Critical  Energy  for 
Detonation  (cal/cm2) 
for  0.040  In.  Aluminum 

1.23  X 103 

■H 

Coarse 

4.5 

24.6 

1 .66  X 103 

Wmm 

Coarse 

14. 

16.0 

2.45  X 103 

mm 

Fine 

15 

15.2 
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grain  1 .30  density  samples  compared  to  the  14  kilo- 
bars  required  to  ignite  the  1 .55  density. 

Furthermore,  on  the  basis  of  these  limited  tests,  there 
seenis  to  be  a lower  pressure  required  to  ignite  large 
individual  voids  compared  to  small  individual  voids 
when  the  total  void  volume  of  both  large  and  small 
voids  are  identical.  This  is  seen  by  comparing  the 
shock  pressure  of  14  kilobars  required  to  ignite  the 
large  grain  1 .55  density  pressings  to  the  15  kilobars 
required  for  the  small  grain  1 .55  density. 

From  examination  of  the  energy  required  to  pro- 
duce detonation  for  coarse  grain  and  fine  grain  TNT, 
both  at  1 .55  gm/cc,  it  can  be  seen  that  while  the 
coarse  grain  TNT  requires  a shock  pressure  slightly 
less  than  the  fine  grain  to  cause  ignition,  (14  kbar  vs. 

1 5 kbar)  the  critical  energy  required  to  cause  detona- 
tion is  actually  larger  (16.0  cal/cm2  vs.  15.2 
cal/ cm2).  The  reversal  in  response  is  even  more 
marked  when  the  coarse  grain  pressings  are  compared 
at  low  and  high  densities.  Here  the  shock  pressures  to 
ignite  low  and  high  density  pressings  are  4.5  kbar  vs. 
14  kbar,  while  the  critical  energies  required  to  det- 
onate low  and  high  densities  are  24.6  cal/cm2  vs.  16.0 
cal/cm2. 

These  results  illustrate  that  when  explosives  are 
tested  for  sensitivity,  one  explosive  can  appear  more 


JULIUS  ROTH 
Portola  Valley,  California 

Table  3 “Critical  Energy  for  Detonation”  gives 
the  “Explosive  Pressure”  in  1 .3  g/cc  coarse  TNT  as 
32.0  kbar.  In  the  same  table,  the  explosive  pressure 
for  coarse  TNT  at  1 .55  g/cc,  and  the  same  flyer  plate 
thickness  as  above,  is  given  as  30.5  kbar.  My  under- 
standing is  that  these  are  “threshold”  pressures.  If  so, 
is  it  not  most  surprising  that  the  threshold  pressure 
for  1 .55  g/cc  TNT  is  less  than  for  1 .3  g/cc  TNT? 
Moreover,  what  effect  does  this  apparent  incon- 
sistency have  on  your  contention  about  the 
constancy  of  P2  At? 


REPLY  BY  B.  C.  TAYLOR 

One  of  the  main  points  of  this  paper  is  that  the 
sensitivity  to  detonation  varies  independently  to  the 
sensitivity  to  ignition.  In  our  case,  the  coarse  grain 
1 .3  g/cc  TNT  requires  an  appreciably  higher  critical 


sensitive  than  another  in  one  type  of  test,  but  in 
another  type  of  test  the  order  can  reverse  and  it  will 
appear  less  sensitive. 

Finally,  on  the  basis  of  limited  tests  on  TNT  of 
1.30  gm/cc  density,  it  appears  that  the  P2(At) 
criterion  for  detonation  applies  to  these  tests  rather 
than  the  Pu(At)  criterion. 
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energy  (and  a slightly  higher  pressure)  to  cause  deton- 
ation than  does  the  coarse  grain  1 .55  g/cc  TNT. 

I did  not  use  the  term  “threshold  pressure”  and 
am  not  certain  what  is  your  definition  of  this  term. 
The  values  to  which  you  refer  are  the  calculated 
shock  pressures  induced  in  the  explosive  (considered 
as  inert)  by  the  specified  flyer  plate  which  has  just 
sufficient  energy  to  detonate  the  explosive.  These 
pressures  are  considerably  higher  than  the  pressures 
required  to  cause  immediately  visible  reaction,  which 
are  4.5  kbar  for  coarse  grain  1 .3  g/cc  TNT  and  14 
kbar  for  coarse  grain  1 .55  g/cc  TNT  (see  Fig.  3).  If 
these  latter  pressures  were  maintained  for  a sufficient 
time,  then  the  reactive  shock  would  build  up  to  det- 
onation. If  this,  is  what  you  mean  by  “threshold 
pressure”,  then  this  would  satisfy  your  expectation 
that  the  “threshold  pressure”  for  1.3  g/cc  TNT 
should  be  less  than  that  for  1 .55  g/cc  TNT. 

As  for  the  P2At  criterion,  there  is  no  incon- 
sistency since  the  constancy  of  this  value  applies  only 
when  comparing  identical  samples  having  the  same 
density  and  grain  size. 
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SHOCK  INITIATION  AND  THE  CRITICAL  ENERGY  CONCEPT 


P Howe,  R.  Frey,  B.  Taylor  and  V.  Boyle 
Detonation  & Deflagration  Dynamics  Laboratory 
Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland  21005 


Analysis  and  a series  of  experiments  have  been  performed  on  the  shock  initiation  of 
secondary  explosives.  The  experiments  demonstrate  clearly  that  the  initiation 
process  consists  of  two  parts,  an  ignitiion  and  a buildup  process.  The  ignition  phase 
appears  to  be  consistent  with  the  assumption  of  a thermal  explosion  occurring  at 
hot  spots.  The  buildup  is  controlled  by  the  intergranular  surface  area,  and  the  data 
are  consistent  with  the  assumption  of  a heat  transfer  controlled  grain  burning 
mechanism. 


INTRODUCTION 

The  concepts  of  “hot  spots”  in  explosive  initiation 
and  “grain  burning”  in  the  propagation  of  detonation 
were  originally  proposed  by  Bowden  (1)  and  Eyring 
(2).  The  necessity  of  the  “hot  spot”  concept  arises 
from  the  fact  that  under  shock  initiation  conditions 
the  bulk  temperature  of  the  explosive  is  much  too 
low  to  initiate  decomposition.  Therefore,  it  is 
assumed  that  there  are  localized  “hot  spots”  which 
are  hotter  than  the  bulk  material,  and  that  these  “hot 
spots”  are  responsible  for  initiation.  The  “hot  spot" 
concept  seems  to  be  generally  accepted,  and  numer- 
ous explanations,  most  of  them  quite  reasonable, 
have  been  offered  to  explain  the  occurrence  of  hot 
spots.  For  instance  Bowden  (1)  has  suggested  adia- 
batic compression  of  gas;  Mader  (3)  has  studied  the 
direct  heating  of  the  explosive  by  void  closure,  and 
Seeley  (4)  has  suggested  that  jetting  in  collapsing 
voids  may  be  important.  Unfortunately,  due  to  the 
large  number  of  possible  hot  spot  types,  the  relation 
of  hot  spot  size  and  temperature  to  such  parameters 
as  void  size,  particle  size,  and  porosity  is  unknown. 
While  there  is  general  acceptance  of  the  hot  spot 
concept,  the  exact  function  of  the  hot  spots  is  not 
well  understood.  Frequently,  it  has  been  proposed 
that  the  energy  released  in  hot  spots  is  transmitted  to 
the  shock  front,  where  it  strengthens  the  shock  and 


leads  to  more  energetic  hot  spots  at  points  down- 
stream in  the  charge,  and  that  this  process  eventually 
leads  to  detonation  (5,6).  We  believe  that  this  is  an 
incorrect  interpretation  and  shall  present  our  reasons 
for  so  believing. 

Eyring’s  (2)  grain  burning  concept  seems  to  enjoy 
less  acceptance.  It  was  proposed  by  Eyring  to  explain 
the  dependence  of  failure  diameter  on  particle  size, 
but  it  has  not  been  generally  exploited  in  discussions 
of  initiation.  The  concept  states  that  during  the 
detonation  process  explosive  grains  burn  inwards 
from  the  outside  and  that  the  net  reaction  rate  is 
determined  by  the  burning  surface  area  or  grain  size. 
The  relation  between  grain  burning  and  hot  spot 
decomposition  has  not  been  discussed.  It  has  not 
been  clear  which  process  is  dominant  under  various 
conditions  or  which  is  most  responsible  for  the  sensi- 
tivity of  the  explosive.  Many  discussions  in  the  litera- 
ture suggest  that  there  is  a fast  energy  release  at  the 
shock  front  and  a slower  release  behind  the  front,  and 
it  is  tempting  to  attribute  this  to  het  spot  decomposi- 
tion and  grain  burning  (7,8).  Apparently,  this  asso- 
ciation has  not  been  made.  Some  investigators  have 
attributed  the  slow  heat  release  to  delayed  thermal 
explosions  at  hot  spots  (6).  Many  theories  of  initia- 
tion treat  the  burning  of  the  explosive  using  kinetic 
parameters  derived  from  thermal  explosion  experi- 
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ments.  This  ignores  the  implicit  assumption  of  the 
grain  burning  model,  namely  that  heat  transfer  must 
play  a role  in  the  energy  release  and  that  the  depend- 
ence of  the  net  reaction  rate  on  temperature  and 
pressure  must  be  quite  different  from  the  dependence 
of  fundamental  chemical  processes  on  these  param- 
eters. 


cases  the  Put  or  P2t  criterion  will  work,  but  initiation 
is  not  related  to  projectile  energy  per  unit  area.) 

Even  in  the  regime  of  single  shock  initiation  there  are 
conflicting  data  and  numerous  hypotheses  have  been 
advanced  to  develop  critical  conditions  (see  for  ex- 
ample Price  (10),  Roth  (6),  and  Lindstrom  (11)). 


Several  years  ago,  Walker  and  Wasley  (9)  proposed 
a “critical  energy"  criterion  for  initiation  of  detona- 
tion. This  criterion  states  that  there  is  a critical 
energy  per  unit  area  which  must  be  delivered  to  the 
explosive  to  obtain  detonation.  The  criterion  may 
also  be  stated  in  the  form: 


— — = constant  or  Put  = constant,  where 
PoU 


P is  the  shock  pressure  in  the  explosive,  t is  the  dura- 
tion of  the  shock  pressure  (it  should  be  noted  that  t is 
not  the  time  to  detonation),  pQ  is  the  initial  explosive 
density,  and  U is  the  shock  velocity  in  the  explosive. 
An  alternate  form  of  the  criterion  is  P2t  * constant. 

In  the  region  where  initiation  occurs  prior  to  first 
shock  transit  of  the  sample,  and  for  explosives  of 
moderately  low  void  volume  fraction,  these  two  criteria 
and  nearly  identical,  as  is  shown  in  Fig.  1 for  PBX 
9404.  In  general,  however,  they  are  quite  different. 
(We  note  that  the  term  “critical  energy"  can  be  mis- 
leading when  one  is  considering  projectile  impacts  or 
other  multidimensional  experiments.  In  some  such 


3.1  — 
•02m. 


* CONST 

« CONST 
«-♦  DETONATION 
0~*NO  DETONATION 


Fig.  1.  Critical  energy  and  P2 1 criteria  for  shock 
initiation  of  PBX  9404. 


PRELIMINARY  ANALYSIS 

We  performed  some  preliminary  analysis  to  deter- 
mine if  energy  release  by  thermal  explosion  in  hot 
spots  is  consistent  with  the  critical  energy  criterion. 
We  assumed  that  a certain  amount  of  energy  must  be 
released  in  the  duration  of  the  initiating  shock  in 
order  for  buildup  to  detonation  to  occur.  To  per- 
form these  calculations,  we  first  assumed  that  the  hot 
spot  temperature  was  related  to  the  bulk  thermo- 
dynamic temperature  by  tne  relation 

Th  = T„  + n(Tb  - T0), 

where  Th  is  the  hot  spot  temperature,  Tc  is  the  ini- 
tial temperature,  Tb  is  the  bulk  thermodynamic 
temperature  determined  by  the  technique  of  Walsh 
and  Christian  (12),  and  n is  an  arbitrary  parameter. 
There  is  no  sound  theoretical  justification  for  this 
equation,  it  simply  provides  an  appropriate  tempera- 
ture dependence.  One  should  note  that  it  assumes  all 
hot  spots  reach  the  same  temperature.  This  would  be 
true  if  hot  spot  formation  took  place  by  the  hydro- 
dynamic  closure  of  spherical  voids,  but  if  frictional 
processes  are  involved  or  if  void  shapes  are  more 
complicated,  it  will  not  be  true.  Using  this  equation, 
coupled  with  thermal  explosion  theory,  as  described 
by  Frank-Kamcnetskii  (13),  we  compared  the  thermal 
explosion  time,  at  a particular  shock  pressure,  with 
ihc  shock  duration  necessary  to  initiate  detonation. 
The  results  are  shown  in  Fig.  2 where  we  have  plotted 
the  thermal  explosion  time  versus  pressure  on  the 
same  graph  as  a plot  of  minimum  shock  duration  for 
initiation  versus  pressure.  The  thermal  explosion 
times  were  computed  for  several  activation  energies  as 
shown  in  the  figure,  and  the  frequency  factor  was 
chosen  arbitrarily  so  that  all  of  the  curves  would 
coincide  at  one  pressure.  The  dependence  of  thermal 
explosion  time  on  pressure  is  obviously  very  different 
from  the  dependence  of  minimum  shock  duration  on 
pressure.  Calculations  were  performed  which  con- 
sidered the  effect  of  a hot  spot  distribution  as  a func- 
tion of  temperature,  and  the  effect  of  hot  spot  size. 
These  calculations  will  not  be  described  further  here. 
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However,  the  results  had  a negligible  effect  on  the 
earlier  analysis. 

Comparison  of  the  calculated  curves  in  Fig.  2 with 
the  critical  energy  curve  permits  one  to  conclude 
that,  if  thermal  decomposition  at  hot  spots  is  the 
dominant  method  of  heat  release  during  initiation  of 
detonation,  the  critical  energy  criterion  could  not 
exist.  In  fact,  any  form  of  energy  release  dominated 
by  Arrhenius  kinetics  is  inconi  , title  with  the  critical 
energy  criterion.  The  reason  fo  his  is  simply  that 
small  changes  in  pressure  are  exp  cted  to  cause  small 
changes  in  hot  spot  temperature,  which  in  turn  cause 
very  large  changes  in  reaction  rate.  This  dilemma  can 
be  avoided  if  the  dominant  method  of  heat  release 
occurs  by  a grain  burning  mechanism.  In  this  case, 
the  temperature  dependence  of  the  chemical  kinetics 
is  moderated  because  it  is  coupled  with  heat  trans- 
port. This  point  of  view  does  not  preclude  the  exist- 
ence of  hot  spots.  Indeed,  they  are  extremely  impor- 
tant for  getting  reaction  started,  but  they  are  not  the 
dominant  contributors  to  the  energy  release. 

EXPERIMENTAL  RESULTS 

With  these  considerations  in  mind,  we  performed  a 
number  of  different  experiments  designed  to  deter- 
mine the  relationship  between  hot  spots,  grain  burn- 
ing, and  the  buildup  to  detonation.  The  experiments 
and  their  impact  are  described  below. 


Fig.  2.  Comparision  of  critical  energy  criterion  with 
thermal  explosion  predictions. 


A.  Wedge  Fxpcriments  with  Nitromethane 

Inclusions  of  controlled  number  and  sizes  were 
added  to  the  homogeneous  explosive,  nitromethane, 
in  order  to  simulate  a heterogeneous  explosive  of 
known  defect  structure.  The  inclusion  size,  material, 
and  amount  were  varied  in  order  to  study  their 
effects  on  shock  sensitivity.  A gelling  agent,  Cab-O- 
Sil*  was  added  to  stabilize  the  mixtures,  (Additional 
experiments  showed  that  Cab-O-Sil  had  no  effect  in 
the  behavior  of  the  nitromethane  to  shock  loading.) 
Mixtures  were  emplaced  in  a transparent,  wedge 
shaped  container.  A 10  cm  diameter  explosive  plane 
wave  generator  and  buffer  plate  were  used  to  generate 
a 6.0  GPa  shock  wave  flat  within  forty  nanoseconds 
over  the  area  of  the  experiment.  Shock  arrival  at  the 
slant  face  of  the  wedge  was  observed  with  a rotating 
mirror  camera  writing  at  8.8  mm/jusec.  The  experi- 
mental setup  and  results  are  shown  in  Figs.  3 through 
7.  The  results  clearly  show  that  the  initiation  of 
detonation,  at  least  for  this  system,  is  controlled  by 
the  surface  area  of  the  inclusions.  The  results  will  be 
discussed  further  in  the  general  discussion. 


*Cab-0-Sil  is  a fire  dried,  fumed  silica  of  submicron  particle 
size  manufactured  by  Cabot  Corporation. 


CAMERA 


Fig.  3.  Schematic  of  experimental  setup  for  nitro- 
methane with  glass  beads. 
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B.  Wedge  Experiments  with  TNT 


In  this  set  of  experiments,  the  shock  initiation  of 
detonation  in  pressed  TNT  samples  of  known  particle 
size  and  known  density  was  observed.  Two  particle 
sizes  (68  and  254  microns)  and  two  densities  (1 .55 
g/cm3  and  1 .30  g/cm3)  were  used.  Surface  areas 
were  determined  in  the  pressed  samples  using  nitro- 
gen absorption  techniques.  Measurements  of  the 
buildup  to  detonation  were  made  using  the  wedge 
technique,  identical  to  that  described  in  Section  A. 
The  results  are  presented  in  Figs.  8 through  10  and 
will  be  described  in  the  general  discussion. 


5%  VOLUME  GLASS  BEADS 

<ioo») 
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Fig.  4.  Shock  velocity  versus  distance  for  nitro- 
methane  with  glass  beads. 
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Fig.  5.  Distance  to  detonation  versus  volume  % inclu- 
sions for  a 6 GPa  shock  input. 
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C.  Light  Gas  Gun  Experiments  in  Pressed  TNT  ^ 

A 1 0 cm  diameter  light  gas  gun  was  used  to  gen- 
erate precisely  controlled  shocks  of  large  planar  area 

within  the  explosive  samples.  An  every-rcady  rotat-  ' 

ing  mirror  streak  camera  was  used  to  monitor  the 
velocity  of  the  explosive  rear  surface  as  a function  of 
time,  shock  strength,  and  explosive  parameters.  Ex- 
plosive samples  were  prepared  in  exactly  the  same  ' 

manner  as  described  in  the  previous  section  permit-  < 

ting  good  conditions  for  comparison  of  results.  Two  ' 

sets  of  experiments  were  conducted.  One  set  used  1 

massive  projectiles  in  order  to  generate  long  duration 

shocks,  the  other  used  thin  flyer  plates  to  generate  ' 

short  duration  shocks.  The  experimental  setup  is  i 

shown  in  Fig.  1 1 and  the  results  are  shown  in  Figs.  1 

12-16.  (For  additional  details,  see  the  paper  “Separa- 

tion  of  Ignition  and  Buildup  to  Detonation  in  Pressed  J 

TNT,"  by  Boyd  Taylor,  presented  elsewhere  in  this  ^ 

symposium.)  l 

i 

GENERAL  DISCUSSION  "! 

I 

A.  Evidence  for  Grain  Burning  1 

Figure  4 shows  the  buildup  to  detonation  in  the 
nitromethane  glass  system  for  three  sizes  of  glass  i 

beads.  The  beads  serve  as  hot  spot  generators  by  1 

providing  fot  shock  reflection  and  focussing  effects  ' 


Nd2 


Fig.  6.  Distance  to  detonation  versus  total  specific 
surface  area  of  inclusions. 
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r which  lead  to  localized  high  temperatures.  Shock 

velocity  is  plotted  against  the  distance  the  shock  has 
propagated  into  the  mixture.  The  initial  pressure  is 
~6.0  GPa.  As  can  be  seen  from  the  figure,  for  con- 
, stant  inclusion  volume,  the  smaller  sizes  promote 

I more  rapid  buildup.  In  Fig.  5,  it  can  be  seen  that  the 

distance  to  detonation  does  not  correlate  well  with 
| total  inclusion  volume.  Neither  did  it  correlate  with 

[ the  summed  linear  dimension.  As  can  be  seen  in  Fig. 

1 6,  a good  correlation  obtains  for  distance  to  detona- 

tion versus  total  surface  area,  for  all  three  types  of 


i 1 .6  .6  10  12,  U U 

•BUCED  SUBFACE  AREA  (»f?l 


Fig.  7.  Reduced  time  to  detonation  versus  total  spe- 
cific surface  area  of  inclusions. 
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Fig.  8.  Shock  velocity  versus  distance  for  pressed 
TNT  samples. 
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h 

inclusions,  and  over  the  range  0.S-200  micron  particle  * 

sizes.  At  a constant  surface  area,  the  variation  of  ! 

buildup  time  with  the  composition  of  the  inclusion  , ' < 

correlated  with  me  shock  impedance  of  the  inclusion,  i 

see  Fig.  7. 

r 

Our  explanation  for  these  results  is  as  follows.  We  , 

presume  that  the  inclusions  create  hot  spots  by  shock 

reflection.  The  hot  spots  do  not  coincide  with  the  j 

original  inclusion,  but  their  surface  area  and  volume  | 

are  proportional  to  the  surface  area  and  volume  of  ,• 

the  inclusions.  Decomposition  of  the  hot  spots  leads 

to  energy  release  which  is  proportional  to  the  volume  i 

of  the  original  inclusions.  This  process  can  not  be  the 

dominant  form  of  heat  release,  because  the  results  do  i 

not  correlate  with  inclusion  volume.  It  is  consistent  J 

with  the  data  to  believe  that  after  the  initial  de-  : 

composition,  the  cool  nitromethane  adjacent  to  the  i 

hot  spots  is  in  contact  with  hot  products  and  begins  : 

to  burn  in  a heterogeneous  process.  The  net  energy 
release  rate  is  thus  controlled  by  the  surface  area  of 

the  original  hot  spots  and  is  proportional  to  the  sur-  ! 

face  area  of  the  inclusions.  This  is  apparently  the 
dominant  mechanism  for  energy  release. 

The  experiments  performed  with  the  pressed  TNT 
samples  corroborate  these  ideas.  In  Fig.  8,  buildup 
curves  are  shown  for  the  two  different  densities  and 
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Fig.  9.  Shock  velocity  versus  time  to  detonation  for 
pressed  TNT. 


surface  areas  considered.  At  each  density,  the  larger 
surface  area  sample  detonated  sooner.  The  data  are 
replotted  in  Fig.  9 using  the  detonation  point  as 
origin.  In  Fig.  10,  the  abscissa  is  corrected  to  account 
for  the  total  surface  area.  (The  details  of  the  analysis 
are  presented  in  (14).)  When  this  is  done,  the  data 
for  the  ! .55  gm/cm3  samples  collapse  to  a singe 
curve.  (This  surface  area  correction  could  not  be 
made  for  the  1 .30  g/cm3  samples,  as  only  one  de- 
tonated.) These  results  show  rather  conclusively  that 
the  buildup  process  is  controlled  by  a grain  burning 
mechanism  which  is  surface  area  controlled. 

B.  The  Ignition  and  Buildup  Processes 

The  gas  gun  experiments  shed  additional  light  on 
both  the  ignition  and  buildup  processes.  Presentation 
of  the  results  is  somewhat  complicated  by  the  fact 
that  the  free  surface  velocity  may  increase  with  time 
after  shock  emergence,  when  reaction  occurs.  In  Fig. 
12,  we  have  plotted  the  free  surface  velocity  at  the 
instant  of  shock  emergence  as  a function  of  shock 
pressure  for  rwo  particle  sizes  at  tire  1 .55  g/cm3  dens- 
ity. The  shock  pressure  refers  to  the  pressure  at  im- 
pact, on  the  upstream  surface  and  is  determined  from 
Hugoniot  calculations.  Reaction  is  indicated  when 
the  downstream  free  surface  velocity  rises  above  the 
value  for  an  inert  sample  he  divergence  of  the 
reactive  and  inert  free  s . ice  velocities  provides  a 
sensitive  measure  of  the  onset  of  reaction.  Figure  12 
shows  the  effect  of  density.  Figure  13  shows  that,  at 


a gven  density,  the  sample  with  large  particles  begns 
to  react  at  slightly  lower  pressures  than  the  sample 
with  small  particles.  However,  detonation  occurred 
at  lower  pressures  in  the  samples  with  smaller  particle 
size.  In  terms  of  the  immediate  free  surface  velocity, 
the  difference  between  the  large  and  small  grain  sam- 
ples is  not  great.  The  large  grain  sample  shows  evi- 
dence of  some  reaction  at  about  12.5  kilobars  as 
opposed  to  about  15.5  kilobars  for  the  small  grain. 
Figure  14  shows  that  in  the  large  grain  samples  the 
velocity  increased  markedly  with  time  after  shock 
emergence.  Even  the  point  at  1 1 .5  kilobars  showed 
evidence  of  reaction  after  10  Msec.  On  the  other 
hand,  the  samples  with  small  particle  size  showed 
very  little  increase  in  velocity  with  time  even  for 
pressures  just  below  the  detonation  limit.  Figure  15 
shows  the  free  surface  velocity  versus  time  for  the 
small  particle  size  sample  at  15.5  kilobars. 

An  increase  in  the  immediate  free  surface  velocity 
above  the  inert  value  indicates  that  reaction  is  causing 
the  shock  to  accelerate.  An  increase  in  free  surface 
velocity  with  time  after  shock  emergence  indicates 
that  delayed  reaction  is  occurring  well  behind  the 
shock  front  and  that  the  pressure  is  higher  at  some 
distance  behind  the  front  than  it  is  at  the  front. 
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Fiz  10.  Shock  velocity  versus  product  of  specific 
surface  area  and  time  for  pressed  TNT. 
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Fig.  11.  Schematic  of  experimental  setup  for  gas  gun 
experiments. 
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Delayed  reaction  may  or  may  not  affect  the  shock 
initiation  process  depending  on  whether  the  reaction 
is  felt  at  the  front  before  or  after  lateral  rarefactions 
reach  the  center  of  the  charge.  Reaction  which  is 
delayed  by  as  much  as  10  p isec  probably  would  not 
affect  shock  initiation  in  most  situations,  but  might 
be  crucial  in  the  occurrence  of  nondetonative  violent 
reactions  which  can  be  very  important  in  certain 
practical  applications. 

All  of  the  experiments  described  above  used  shock 
generators  which  produced  long  duration  loading  (for 
purposes  of  this  discussion,  the  pulses  can  be  con- 
sidered planar,  semiinfinite).  Because  of  this,  one 
cannot  expect  a critical  energy  criterion  to  apply  (and 
it  doesn’t).  A critical  specific  energy  or  a critical 


Fig.  12.  Free  surface  velocity  versus  input  pressure 
for  pressed  TNT. 


pressure  might  be  applicable,  however.  Neither  the 
nitromethane  experiments  nor  the  TNT  wedge  experi- 
ments are  useful  in  this  regard,  as  only  one  input 
shock  strength  was  used.  The  light  gas  gun  experi- 
ments are  more  helpful.  From  Fig.  12  a marked 
dependence  of  the  pressure  for  incipient  reaction 
upon  density  is  noted.  Similarly,  Figs.  13, 14, 15 
show  that  the  pressure  for  incipient  reaction  depends 
also  upon  particle  size.  The  particle  velocities  corre- 
sponding to  incipient  reaction  are  almost  independent 
of  particle  size  and  density,  indicating  that  it  is  rea- 
sonable to  apply  a critical  specific  energy  as  an  igni- 
tion criterion.  This  result  is  consistent  with  the  work 
of  Roth  (6)  and  Howe  and  Boyle  (14)  and  can  be 
identified  with  a critical  hot  spot  temperature. 

It  is  noteworthy  that  the  pressure  for  incipient 
reactions  depends  slightly  on  particle  size.  This  is  in 
contradiction  with  all  previous  calculations,  but  can 
be  explained  in  the  following  way.  The  temperature 
of  hot  spots  formed  by  voiu  closure  as  a result  of 
plastic  flow  would  be  independent  of  void  size.  This 
follows  from  the  fact  that  there  are  no  dimensional 
inputs  to  the  problem  other  than  the  size  of  the  void. 
If  the  void  size  is  scaled  up  or  down,  the  size  of  the 
resulting  hot  spot  must  scale  in  the  same  manner,  and 
its  temperature  must  not  change.  However,  if  void 
closure  occurs  as  the  result  of  brittle  fracture  and/or 
slippage  between  grains,  the  resulting  hot  spots  will 
be  heated  by  friction  and  will  consist  of  hot  surfaces. 
Their  dimension  perpendicular  to  the  sliding  surface 
will  be  determined  by  the  rate  of  heat  conductivity. 
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Fig.  13.  Free  surface  velocity  versus  input  pressure  Fig.  14.  Temporal  behavior  of  reaction  products 

for  high  density  TNT.  velocity  for  coarse  grain  TNT. 
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This  is  a second  dimensional  input  to  the  prob- 
lem and  allows  the  temperature  attained  to  vary  with 
void  size.  The  thermal  energy  per  unit  area  in  a hot 
spot  formed  by  frictional  processes  should  be  propor- 
tional to  the  pressure  times  the  distance  moved  along 
the  slip  plane.  If  slippage  is  occurring  as  the  result  of 
void  closure,  this  distance  should  be  proportional  to  a 
void  dimension,  and  peak  temperature  attained  will 
be  a function  of  the  product  of  void  diameter  and 
pressure. 

C.  Dependence  of  P2t  on  Particle  Size  and  Density 

Experiments  with  thin  flyer  plates  were  used  to 
obtain  critical  energy  data  shown  in  Fig.  16.  The 
results  and  experimental  details  are  discussed  by 
Taylor.  The  important  features  of  his  work  are  that 
(1)  for  the  low  density  coarse  grain  TNT,  the  Put  = 
constant  criterion  is  inoperative,  but  the  data  are 
consistent  with  P2t  = constant  (this  is  shown  in  Fig. 
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Fig.  15.  Temporal  behavior  of  reaction  products 
velocity  for  fine  grain  TNT. 


17);  (2)  for  constant  duration  pulses,  a particle  size 
effect  is  observed,  with  small  particle  size  samples 
requiring  lower  values  of  P2t  and;  (3)  a very  strong 
density  effect  is  observed,  with  low  density  samples 
requiring  much  larger  values  of  P2t  for  initiation  of 
detonation.  Note  the  dependence  of  P2t  on  particle 
size  and  density  is  exactly  tire  opposite  of  the  de- 
pendence of  ignition  on  particle  size  and  density. 

It  appears  that  P2t  correlates  with  the  buildup  to 
detonation,  but  not  with  ignition,  and  is  useful  for 
predicting  the  effect  of  peak  pressure  on  required 
pulse  length  provided  that  grain  size  and  density  are 
held  constant.*  Neither  the  critical  energy  criterion 
(Put  = constant)  nor  the  P2t  criterion  is  useful  for 
predicting  effects  of  particle  size  or  density  changes. 


SUMMARY  AND  CONCLUSIONS 

A series  of  experiments  have  been  conducted  on 
the  shock  initiation  of  secondary  explosives.  The 
experiments  demonstrate  clearly  that  the  shock 
initiation  process  consists  of  two  parts,  an  ignition 
and  a buildup  process.  It  is  consistent  with  the  data 
to  assume  ignition  occurs  by  thermal  explosion  it  hot 


‘Even  this  conclusion  is  mitigated  by  the  fact  that  only  two 
data  points,  fairly  close  together,  are  available. 
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Fig.  16.  Energy  input/area  to  achieve  a given  reaction  Fig.  17.  A comparison  of  the  critical  energy  and  the 
products  velocity.  P2!  criteria  for  low  density  TNT. 
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spots.  However,  the  total  energy  release  must  be 
small  an ! is  not  the  controlling  factor  in  the  buildup 
to  detonation.  The  buildup  process  correlates  with 
the  surface  area  of  the  hot  spots  which,  for  heteroge- 
neous explosives,  is  related  to  the  intergranular  sur- 
face area.  The  evidence  is  very  strong  that  the 
buildup  to  detonation  is  controlled  by  a heat  transfer 
dominated  grain  burning  process.  Both  the  initial 
density  and  the  particle  size  have  an  effect  on  sensi- 
tivity. Using  pressure  as  a criterion,  low  densities  and 
large  particle  sizes  increase  sensitivity  to  ignition. 
However  the  specific  energy  (equivalent  to  a tempera- 
ture) required  for  ignition  is  approximately  inde- 
pendent of  density  and  particle  size.  The  slight  de- 
pendence of  the  energy  density  required  for  ignition 
upon  particle  size  can  be  explained  by  assuming  hot 
spots  are  formed  by  frictional  processes  at  void 
closure.  The  critical  energy  criterion  (Put  * con- 
stant- was  inconsistent  with  all  the  data.  The  P2 3 4t 
criterion  appears  useful  for  predicting  the  effect  of 
peak  pressure  upon  pulse  length  required  for  detona- 
tion, provided  particle  size  and  density  are  held  con- 
stant. The  data  base  must  be  extended,  however. 
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SHOCK  INITIATION  OF  HIGH-DENSITY  PETN 


Jerry  Wackerle,  J.  0.  Johnson,  and  P.  M.  Haileck* 
Los  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico  87S4S 


The  prompt  ( 1 - to  3-ps),  planar  shock  initiation  of  1. 75-g/cm3  (98.4%  crystal  den- 
sity) pentaerythritol  tetranitrate  (PETN)  has  been  studied  with  impact-generated 
shocks  and  observations  with  the  explosive  wedge  technique  and  quartz  and 
embedded-Manganin  pressure-gauge  measurements.  Dynamic  compression  proper- 
ties, shock  buildup  to  detonation,  and  pressure-field  histories  during  initiation  were 
determined.  An  analysis  of  the  latter  data  show  that  shock-induced  decomposition 
begins  near  the  Impact  surface,  forming  a pressure  pulse  that  in  turn  produces  a 
compression  wave  that  overtakes  the  shock  front  and  effects  the  shock  to  detona- 
tion transition.  Maxima  in  the  pressure  are  interpreted  to  be  due  to  sudden  and 
spontaneous  decreases  in  reaction  rate  when  only  partial  decomposition  has 
occured.  Implications  of  this  interpretation  and  possible  errors  that  could  invali- 
date it  are  discussed. 


INTRODUCTION 

A detailed  understanding  of  the  shock  initiation  of 
neterogeneous  explosives  remains  unattained  by  ex- 
plosives researchers.  It  is  generally  recognized  that 
local  high  temperature  regions,  or  hotspots,  play  a 
major  role  in  inducing  decomposition,  pressure  in- 
creases, and  the  buildup  to  detonation  (1).  Although 
the  mechanisms  of  hotspot  development  must  be 
related  to  the  inhomogeneity  of  the  explosive,  both 
quantitative  experiments  on  the  shock  initiation 
process  and  their  theoretical  modeling  with  numerical 
hydrocodes  necessarily  assume  local  homogeneity. 

For  computer  simulations,  relations  between  reaction 
rates  and  gross  thermodynamic  states  (rate  laws)  are 
developed  from  proposed  hotspot  models  (2),  or 
“calibrated”  to  certain  observations  (3-5),  or  are 
almost  purely  empirical  (6).  While  yielding  agreement 
with  a limited  number  of  observations-most  notably 
those  of  short-duration  shock  sensitivity  (2,3,5)-such 
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calculations  have  not  been  tested  against  details  of 
the  reactive  flow. 

In  this  work  we  have  performed  a comprehensive 
set  of  planar  shock  initiation  experiments  on  1.75- 
g/cm3  (98.4%-crystal-density)  pentaerythritol  tetra- 
nitrate (PETN),  observing  the  shock  compression 
properties,  shock  front  buildup,  and  pressure-field 
histories  during  the  initiation.  Input  shock  strengths 
were  chosen  which  produce  buildup  to  detonation  in 
2 to  9 mm  of  run.  The  data  obtained  are  sufficient  to 
estimate  density  and  energy  fields  during  the  buildup, 
and,  with  an  assumed  reactant-product  equation  of 
state,  to  calculate  decomposition  fields  and  reaction 
rates.  While  this  analysis  also  assumes  local  homoge- 
neity, it  is  hoped  that  the  results-along  with  the 
more  stringent  tests  of  computer  simulations  that  the 
data  provide-will  lead  to  a better  selection  of  hot- 
spot mechanisms,  and  to  their  more  realistic  modeling 
in  theoretical  treatments  of  shock  initiation. 

Our  previous  studies  of  the  planewave  initiation  of 
high-density  PETN  began  with  explosive  wedge  exper- 
iments on  1 ,72-g/cm3  explosive  (7).  Uniform  shock 
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velocities  observed  during  the  buildup  to  detonation 
and  other  features  of  the  streak-camera  records  led  to 
the  conjecture  that  pressure  waves  were  formed  near 
the  input  shock  surface,  and  moved  forward  to  over- 
take the  front  at  the  onset  of  detonation.  This  de- 
scription of  the  initiation  was  supported  by  gas  gun 
experiments  with  quartz  gauges  on  1 .7-g/cm3  PETN 
(8),  where  impact-face  pressure  excursions  and  trans- 
mitted wave  profiles  indicated  significant,  if  not  com- 
plete, reaction  near  the  impact  face  prior  to  detona- 
tion at  the  front.  The  present  work  fully  confirms 
and  extends  the  previous  description. 

EXPERIMENTS 

The  PETN  samples  were  machined  from  1 .75  ± 
0.01  g/cm3  pressings,  of  99.95%  pure  material  similar 
to  that  used  in  the  previous  <dies  (7,8).  The  experi- 
ments were  all  performed  on  a 70-mm  gas  gun,  under 
vacuum,  and  included  measurements  of  pressure 
histories  with  quartz  and  Manganin  gauges  and  obser- 
vations of  shock-front  trajectories  with  the  streak 
camera  explosive  wedge  technique.  Planar  shock 
waves  were  produced  by  the  impact  of  projectiles 
faced  with  either  x-cut  quartz  or  2024  aluminum 
alloy.  Projectile  velocities  in  the  range  of  0.1  to  0.6 
mm/Ms  were  used,  where  velocities  could  be  predicted 
to  ±0.005  mm/#is  and  measured  to  ±0.001  mm/^ts; 
tilts  at  impact  were  usually  less  than  one  milliradian. 
The  tilt  and  velocity  determinations  were  made  with 
electrical  pin  contactors.  This  measurement  method, 
and  the  techniques  for  the  pressure-gauge  measure- 
ments are  detailed  elsewhere  (9). 

The  arrangement  for  our  “quartz-gauge  front- 
back”  experiments  is  shown  in  Fig.  1 . A projectile- 
mounted  quartz  gauge  strikes  the  sample,  and  its 
electrical  response  is  transmitted  via  the  signal  pins 
and  pickup  ring  for  recording  on  an  oscilloscope. 
Analysis  provided  an  impact-face  stress  history  for 
the  1.6-ps  useful  recording  time  of  the  gauge.  The 
back  or  target  gauge  provides  a record  of  the 
reflected-wave  pressure  at  the  gauge-sample  interface. 
The  target-gauge  elements  were  usually  too  large  to 
allow  for  side  rarefactions,  and  observations  with 
them  were  used  for  qualitative  studies  of  the  trans- 
mitted wave  and  shock  transit-time  determinations. 
Accuracy  in  both  projectile-gauge  pressures  and  tran- 
sit times  is  ±2%. 

Manganin  gauges  were  used  mainly  in  the  multiple- 
embedded  gauge  arrangement  shown  in  Fig.  2.  Usu- 


Fig.  1.  Quartz-gauge  front-back  experimental  ar- 
rangement. 


Fig.  2.  Multiple-embedded  Manganin-gauge  experi- 
ment. Resin  and  gauge  thicknesses  are  exaggerated. 


ally  four  gauge  assemblies  were  interleaved  between 
1-  to  3-mm  thick,  40-mm  diameter  disks  of  PETN, 
often  with  the  last  gauge  at  about  the  expected  dis- 
tance to  detonation.  The  etched-grid,  50-12  gauge 
elements  used  were  3-  or  6-mm  square  and,  respec- 
tively, 5-  or  12-pm  thick.  The  plastic  layers  had 
shock  properties  similar  to  high-density  PETN. 
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Pulsed  bridge  power  supplies  with  about  1 V/GPa 
response  were  employed.  The  gauges  were  specifi- 
cally calibrated  for  use  in  high-density  PETN,  using 
an  independent  set  of  shock-wave  and  gauge-pressure 
measurements  in  Kel-F  plastic-an  excellent  shock 
impedance  match  for  1.75  g/cm3  PETN  (10).  Scatter 
in  the  calibration  tests  indicated  that  our  Manganin- 
gaugc  measurements  are  accurate  to  no  better  than 
±5%. 


Tire  explosive  wedge  technique  was  adapted  to  the 
gas  gun  as  shown  in  Fig.  3.  The  illumination  source 
shown  was  adequate  to  give  film  records  as  displayed 
in  Fig.  4.  Analysis  was  done  by  least  squares  fitting 
of  the  film  readings  and  preshot  measurements  of  the 
marker  coordinates  to  determine  magnification,  cffec- 


Fig.  3.  Explosive  wedge  experiment, 


Fig.  4.  Typical  streak-camera  record  from  an  explo- 
sive wedge  experiment.  Time  increases  downward 
and  the  upper  scale  shows  the  distance  of  the  shock 
from  the  impact  face.  The  slope  of  the  trace  at  right 
is  proportional  to  the  shock  velocity  during  buildup 
to  detonation. 


tive  wedge  angle  and  shock  position.  The  analysis 
program  also  provided  for  fitting  the  distance-time 
history  to  various  empirical  forms  and  correction  for 
tilt  at  impact.  Distances  to  detonation  were  meas- 
ured to  about  tO.l  mm.  Other  determinations  were 
complicated  by  the  wedge  toes,  lack  of  impact  time 
indication  on  the  streak-camera  film,  and  inaccuracy 
in  the  impact  tilt  measurements.  Estimated  errors  are 
5%  in  times  to  detonation,  3%  in  average  shock  veloc- 
ities and  8 to  10%  in  detonation  velocities. 


SHOCK  COMPRESSION  PROPERTIES 

Quartz-gauge  front-back  experiments  were  the 
principal  means  of  studying  the  shock  compression 
properties  of  1.75-g/cm3  PETN.  Target-gauge  meas- 
urements at  low  impact  velocities  showed  that  ~0.25- 
GPa  elastic  precursors  were  produced  in  the  explosive 
(10).  At  input  shock  strengths  for  the  initiation 
studies  (>1  GPa),  the  plastic  wave  velocity  exceeded 
the  precursor  velocities,  and  elastic  waves  need  not 
further  concern  us  here.  Two  interesting  features  are 
seen  in  the  projectile-gauge  records  in  Fig.  5.  In  ex- 
periments with  shock  strengths  between  1 and  2.5 
GPa,  a stress  relaxation  occurs  after  impact.  This 
could  be  due  to  viscoelastic  behavior,  but  more  likely 
stems  from  a noninstantaneous  void  collapse.  This 
explanation  is  consistent  with  the  observed  ~0.2-GPa 
pressure  reductions,  the  1 .6%  void  fractions  and  ~15- 
GPa  bulk  modulus  of  the  explosive.  The  second 
feature  is  the  pressure  excursions  that  follow  the 
stress  relaxation.  These  arise  from  decomposition 


Fig.  5.  Typical  impact-face  pressure  histories  meas- 
ured with  quartz  gauges. 
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near  the  impact  face,  and  as  expected,  become 
stronger  and  more  rapid  as  the  input  shock  strength  is 
increased. 

The  shock  Hugoniot  for  1 .75-g/cm3  was  calculated 
with  the  standard  impedance-match  method,  using 
the  initial  impact-face  pressures,  the  accurately  meas- 
ured projectile  velocities,  and  the  known  Hugoniot 
for  x-cut  quartz.  The  results  arc  plotted  in  pressure- 
particle  velocity  space  in  Fig.  6.  These  data  were 
least-squares  fitted  to  the  usual  linear  shock  velocity- 
particle  velocity  form,  with  the  shock  velocity  at  zero 
particle  velocity  held  equal  to  the  bulk  sound  speed. 
The  resulting  solid  curve  is  seen  to  lie  appropriately 
below  and  close  to  a Hugoniot  for  fully-dense  PETN 
(dashed  curve)  derived  from  high-pressure  static  ex- 
periments (1  1). 

SHOCK  BUILDUP  TO  DETONATION 

Explosive  wedge  experiments  were  performed  on 
1. 75-g/cm3  PETN  with  input  shock  strengths  ranging 
from  1 .5  to  2.6  GPa.  The  streak-camera  record 


F'ig.  6.  Shock  Hugoniots  for  I.  75-g/cm 3 (solid  curve) 
and  fully  dense  PETN. 


shown  earlier  in  Fig.  4 is  typical  of  those  obtained. 
The  linear  cutoff  trace  indicates  a nearly  constant 
shock-front  velocity  and  shock  strength  during 
buildup,  characteristic  of  high-density  PETN  (7). 
Fitting  of  the  distance-time  data  showed  that  shock 
velocities  during  buildup  were  found  to  increase 
slightly  at  input  shock  strengths  above  1 .8  GPa  and  to 
decrease  slightly  with  lower  initial  pressures.  This 
behavior  has  no  semblance  of  the  “single-curve 
buildup”  ( 1 2)  observed  of  most  heterogeneous  ex- 
plosives, including  more  porous  PETN  (13). 

Input  shock  pressures  for  the  wedge  experiments 
were  calculated  by  an  impedance-match  solution, 
using  the  Hugoniot  for  1. 75-g/cm3  PETN  given  in 
Fig.  6,  the  known  Hugoniot  for  the  aluminum  alloy 
projectiles,  and  the  projectile  velocities.  1 he  relation- 
ship of  distance  to  detonation  to  input  shock  strength 
D ■ 20.4  P~22  (D  in  mm,  P in  GPa)  was  fitted  to  the 
data  plotted  in  Fig.  7.  Reasonable  agreement  is  seen 
with  the  previous  such  determinations  on  pressed 
PETN  (7,8).  The  arrows  on  the  upper  two  data 
points  indicate  that  the  distance  to  detonation  was 
greater  than  the  effective  wedge  thickness,  and  not 
observed.  The  fitted  curve  should  lie  above  these 
points,  but  this  would  have  required  a more  compli- 
cated form,  which  was  unjustified  with  the  scattered 
data. 


Fig.  7.  Dependence  of  the  distance  to  detonation  on 
input  shock  strength  for  1. 75-g/cm 3 PETN.  Dark 
symbols  indicate  shots  in  which  the  illumination 
failed. 
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The  ~20%  scatter  in  the  distances  to  detonation  is 
almost  as  severe  as  in  the  previous  investigation  (7), 
where  input  shock  strengths  were  not  so  accurately 
determined.  In  this  work,  our  method  of  calculating 
shock  strengths,  while  perhaps  not  absolutely 
accurate,  docs  not  admit  to  significant  scatter  in  that 
parameter.  The  variations  in  distance  to  detonation, 
and  corresponding  times  to  detonation,  much  exceed 
experimental  error,  and  must  be  actual  irreproducibil- 
ity  in  the  initiation  builddp.  In  high-density  explo- 
sives, buildup  distances  are  well  known  to  increase 
strongly  with  decreasing  void  fraction  (1 ,7,8,12). 
Variations  in  initial  pressing  densities,  particularly 
within  a given  sample,  are  the  most  likely  explanation 
of  the  scatter. 


DECOMPOSITION  DYNAMICS  DURING 
INITIATION 

The  embeddcd-Manganin-gaige  data,  supple- 
mented with  impact-face  pressure  histories  obtained 
with  both  quartz  and  Manganin  gauges,  provide  the 
principal  information  for  assessing  the  thermo- 
dynamic states  and  extent  of  the  reaction  during  the 
buildup  to  detonation.  Such  data  have  been  collected 
at  1 .5-,  1 .9-,  and  2.3-GPa  input  shock  strengths,  but 
for  brevity  our  further  discussion  will  be  limited  to 
results  with  the  intermediate  pressure.  Both  observa- 
tions and  interpretations  in  the  other  two  cases  are 
quite  similar  to  those  presented. 

Pressure  histories  typical  of  those  obtained  in 
embedded  Manganin  gauge  experiments  are  shown  in 
Fig.  8.  The  profiles  consistently  have  a step  increase, 
representing  the  shock  arrival,  followed  by  a rise  to  a 
maximum  pressure,  and  a subsequent  decay.  In  most 
cases  the  gauges  were  lost  shortly  after  peak  pressure 
was  attained,  but  in  those  instances  in  which  they 
survived  longer,  a second  pressure  increase  was  re- 
corded.  Little  increase  is  seen  in  the  shock  ampli- 
tudes as  expected  from  the  explosive  wedge  experi- 
ments. In  a given  experiment  the  pressure  maxima 
were  consistently  observed  to  increase  with  increasing 
gauge  distance  into  the  sample.  The  risetimes  be- 
tween shock  arrivals  and  the  pressure  maxima  de- 
crease as  the  gauge  depth  is  increased. 

Despite  good  reproducibility  of  the  observed 
shock  strengths,  considerable  shot-to-shot  variation 
was  seen  in  the  later  portions  of  the  pressure  profiles. 


In  experiments  where  gauge  locations  were  dupli- 
cated, pressure  maxima  could  vary  by  20%  and  the 
risetimes  differ  by  0.3  ps.  This  data  scatter  is  com- 
parable to  that  in  the  explosive  wedge  data,  and  is 
believed  due  to  the  same  cause.  Some  selection  and 
averaging  of  the  data  were  necessary  in  defining  pres- 
sure-field histories  for  the  analysis  described  below. 

The  “direct  analysis”  to  complete  the  state  history 
during  initiation  involves  alternate  evaluations  of 
gradients  of  state  variables  and  time  integrations  of 
the  conservation  relations  (8,14).  Given  the  pressure 
field  p(h,t),  in  Lagrangian  distance,  h,  and  time,  the 
pressure  gradients,  dp/dh,  are  first  evaluated  and  the 
momentum  equation  integrated  in  time  to  determine 
the  particle  velocity,  u.  This  can  be  written: 

“("•')  • "-<h>  - i f IS  <» 

*s 

where  p0  is  the  initial  density,  the  subscript  s denotes 
evaluation  at  the  shock  front,  and  the  integration  is 
along  a particle  path.  Similar  treatment  of  the  mass 
conservation  gives  the  compression,  £ ~(l-p0/p),  as 

S(h.t)  = £s(h)  - J*  ~ dt'  (2) 


Fig.  8.  Typical  pressure-time  profiles  from  multiple 
embedded  Manganin-gauge  experiments.  Labels  indi- 
cate gauge  distances  from  the  impact  face. 
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and  the  specific  internal  energy  is 

e(h,t)  = es(h)  + ~ J P dt'  . (3) 


With  the  pressure,  compression,  and  energy  deter- 
mined, the  degree  of  reaction,  X,  can  be  obtained 
from  a complete  p(£,e,X)  equation  of  state. 

In  the  analysis  presented,  we  treated  fifteen  pres- 
sure records  at  six  locations,  ranging  from  h = 0 to  h - 
4.2  mm,  during  the  period  from  0 to  1 .5  ps.  (With 
0.3  mm  allowed  for  gauge  thickness,  buil  ' tp  io 
detonation  is  expected  in  5.2  mm  of  run  and  1.67 
p s.)  “Average”  pressure  histories  at  eaui  location 
were  idealized  by  assuming  a step  shock  rise  and 
fitting  the  data  with  polynomials;  neither  impact-face 
stress  relaxation  nor  the  second  pressure  increases 
were  considered.  Shock-frorit  positions  and  state 
parameters  were  calculated  using  the  Hugoniot  given 
earlier  and  the  slight  increase  in  velocity  indicated  by 
the  wedge  experiments.  Equations  (1 ) through  (3) 
were  numerically  integrated,  using  mathematical 
cubic  splines  to  connect  the  pressure  at  the  gauge 
sites  and  the  shock  front  and  to  evaluate  gradients  at 
each  time  cycle.  At  h = 0 the  pressure  gradient  was 
specified  to  give  the  correct  particle  velocity,  known 
from  continuity  conditions,  the  pressure  history,  and 
the  aluminum  alloy  isentrope. 

The  calculated  pressure  and  compression  profiles 
are  shown  in  Fig.  9.  The  pressure-distance  curves 
indicates  reaction  starting  about  1 mm  from  the  im- 
pact face,  forming  a pressure  pulse  which  grows  and 
moves  toward  t ic  shock  front.  The  front  of  this 
pulse  steepends  with  run,  and  should  become  a strong 
shock  by  the  time  it  reaches  the  5.2-mm  expected 
distance  to  detonation.  This  is  in  accordance  with 
our  earlier  picture  of  the  initiation  buildup  (7,8). 

The  compression  profiles  show  that  the  decomposi- 
tion causes  an  expansion  near  the  impact  face,  and 
that  the  front  of  the  pressure  pulse  propagates  as  a 
compressive  wave.  Both  features  result  from  the 
pressure  excursion  occurring  near  the  impact  face. 

Estimates  of  decomposition  were  made  by  inter- 
polating the  calculated  p,  $,  and  e values  into  a tabu- 
lation of  Mader’s  HOM-SG  equation  of  state  (15). 

This  formulation  represents  both  the  unreacted  ex- 
plosive and  fully  reacted  products  with  Mie-Griineisen 


forms;  we  used  the  Hugoniot  of  Ref.  1 1 , and  a calcu- 
lated BKW  isentrope  (16),  respectively,  as  the  refer- 
ence curves  for  high-density  PETN.  Partially  reacted 
states  are  calculated  in  HOM-SG  with  a “mix  rule" 
that  partitions  the  energies  in  the  solid  and  gas  phases 
in  proportion  to  the  offset  of  the  mixture  energy 
from  those  on  the  Hugoniot  and  isentrope. 

The  decomposition  profiles  obtained  are  sketched 
in  Fig.  10,  covering  the  time  period  from  0.75  to  1.5 
ps.  Reaction  in  the  first  1 .5  mm  occurs  after  an 
~0.7-trs  induction  time.  Comparison  with  Fig.  9 
shows  that  a reaction  front  propagates  with  about 
shock  velocity,  and  lags  about  1 mm  behind  the 
shock.  Unless  this  picture  changes  drastically  in  the 
0.17  ps  remaining  to  detonation,  it  is  the  overtaking 
compressive  wave,  and  not  a reaction  wave,  that  is 
responsible  for  the  onset  of  detonation  at  the  front. 
Concentrating  on  a specific  position,  it  is  seen  that 
decomposition  proceeds  until  partially  complete,  and 


Fig.  9.  Calculated  pressure-distance  and  compression- 
distance  profiles  for  a 1. 9-GPa  shock  into  1. 75-g/cm 3 
PETN.  Labels  on  the  pressure  curves  denote  the  time 
after  impact.  The  1.5-ps  curves  are  cut  off  at  2. 1 mm 
because  of  the  loss  of  late-time  data  near  the  impact 
face. 


25 


Fig.  10.  Calculated  reaction  profiles. 


then  slows  down  or  ceases.  This  is  seen  better  in  Fig. 

1 1 , where  reaction  rates  (dashed  curves)  are  com- 
pared with  the  pressure  histories  at  the  impact  face 
and  two  millimeters  into  the  sample.  If  our  observa- 
tions and  calculations  arc  to  be  believed,  a spontane- 
ous and  abrupt  reduction  in  reaction  rate  occurs 
while  the  pressure  is  still  increasing,  and  is  responsible 
for  the  pressure  maxima  recorded. 


DISCUSSION 

We  at  first  believed  that  the  observed  pressure 
maxima  might  not  represent  such  unusual  reaction 
kinetics,  but  rather  that  a reasonable  reaction  rate 
was  sustained,  and  the  pressure  decrease  occurred 
because  the  material  became  highly  expanded.  How- 
ever, if  the  thermodynamic  states  are  assumed  to  vary 
uniformly  between  gauge  locations  (see  below),  the 
fluid  dynamics  of  the  experimental  configuration  will 
not  allow  the  expansions  required.  The  direct  analy- 
sis was  rather  sensitive  to  the  selection  and  fitting  of 
data,  but  alterations  in  these  parameters  only 
modestly  change  the  decomposition  attained  when 
reaction  is  interrupted.  Similarly,  different  choices  of 
mix  rules  for  the  assumed  equation  of  state  can  alter 
the  decomposition  attained,  but  the  unreacted  and 
fully  reacted  state  configurations  are  well  defined, 
and  the  interpretation  does  not  change.  If  the  sur- 
mised reaction  behavior  is  invalid,  the  observations, 
and  not  the  calculations,  are  at  fault. 

Possible  experimental  artifacts  include  electrical 
conductivity  at  the  gauges,  side  rarefactions,  and 


Fig.  11.  Pressure  histories  and  calculated  reaction 
rates  at  the  impact  face  and  at  2-mm  depth. 


increased  reaction  at  explosive-inert  interfaces.  Argu- 
ing against  the  first  explanation  are  the  consistent 
occurrence  of  the  pressure  maxima,  their  recording 
with  better  insulated  Manganin  gauges  (10)  and 
quartz  gauges  (Fig.  7,  Ref.  8),  and  the  second  increase 
in  pressure  sometimes  observed.  Sound  speeds  ex- 
ceeding 12  mm/ps  would  be  necessary  for  side  rare- 
factions to  reach  the  gauges  in  their  usual  central 
locations,  and  tests  with  off-center  gauges  gave  no 
indication  of  such  unrealistic  conditions.  The  most 
likely  experimental  defect  is  greatly  enhanced  de- 
composition at  explosive-gauge  interfaces.  This  viola- 
tion of  our  assumed -uniform  variations  of  state  condi- 
tions would  allow  complete  reaction  in  localized 
regions  to  produce  the  pressure  maxima.  This  conjec- 
ture will  receive  further  experimental  study. 

Should  our  measurements  prove  correct,  they 
imply  that  more  complex  reaction  rate  dependencies 
are  needed  for  computer  simulation  of  the  initiation 
of  high-density  PETN.  The  previously  cited  theories 
(2-6)  all  explicitly  or  implicitly  incorporate  reaction 
rates  that  increase  monotonically  with  pressure. 

While  these  rate  laws  can  be  adjusted  to  match  the 
pressure  increases  we  observe,  the  pressure  maxima 
under  partially  reacted  conditions  cannot  be 
simulated. 
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In  two  cases  where  the  pressure  maxima  were 
either  ignored  or  above  the  practical  gauge  range, 
records  from  our  quartz-gauge  front-back  experi- 
ments have  been  modeled  with  numerical  hydro- 
codes. Pressure  excursions  derived  from  observations 
on  1 ,7-g/cm3  PETN  were  matched  using  an  Arrehnius 
rate  law  with  arbitrarily  chosen  constants  (6,8),  and  a 
more  recent  treatment  with  the  “Forest  Fire”  rate 
dependency  (3,4)  reproduced  target-gauge  records  on 
1.75-g/cm3  PETN  (17).  As  well  as  not  predicting 
pressure  maxima  under  partially  reacted  conditions, 
both  simulations  had  other  limitations.  The  first 
calculation  gave  too  much  pressure  increase  (too  fast 
a decomposition)  for  the  actual  reflected-wave  condi- 
tions at  the  target  gauge,  while  the  second  matched  a 
target-gauge  pressure  history  but  failed  to  give  the 
observed  pressure  excursion  at  the  impact  face.  This 
inconsistent  treatment  of  single-  and  double-shock 
initiation  is  a common  failing  of  computer  simula- 
tions. 

The  gross  partial  reaction  implied  by  our  measure- 
ments could  be  due  either  to  completion  of  an  inter- 
mediate stage  in  the  decomposition  throughout  the 
explosive,  or  to  the  full  reaction  of  localized  portions 
of  the  explosive-hotspots  whose  growth  is  sup- 
pressed. We  are  unaware  of  chemical  kinetic  evidence 
for  the  first  picture,  and  find  it  difficult  to  reconcile 
with  the  very  prompt  initiation  of  high-density  PETN 
with  relatively  strong  shocks  and  partial  reaction  at 
our  maxima.  We  believe  a hotspot  model  can  be 
found  to  explain  this  disparity. 

Presently,  our  candidate  mechanism  involves  a 
“shell  model”  for  dynamic  void  collapse  (18)  and  the 
notion  that  hotspots  result  from  plastic  work  at  void 
peripheries  (13,19).  This  approach  has  provided  one 
rationale  for  the  p2r  criterion  for  short-duration 
shock  initiation  (20).  An  extension  of  the  model 
gives  a reaction  rate  depending  primarily  on  the  void 
collapse  rate,  which  in  turn  is  determined  by  the 
pressure  and  the  rate  at  which  it  is  applied,  the  void 
fraction,  and  the  degree  of  reaction.  The  model  can 
explain  the  large  differences  in  decomposition  rates 
induced  by  shocks  and  more  gradual  compressive 
waves.  If  one  assumes  that  decomposition  gases  at 
partial  reaction  stop  the  void  collapse,  then  our  un- 
usual decomposition  dynamics  are  justified. 

Further  experiments  may  eliminate  concern  with 
the  reaction-rate  behavior  we  have  described,  but 
such  shock-initiation  phenomena  as  desensitization 


by  preshock  remain  inadequately  treated  by  theory. 
The  property  of  heterogeneity  dominates  the  initia- 
tion of  solid  explosives,  and  we  believe  that  some 
parameter  representing  this  property,  such  as  the 
porosity,  must  be  added  to  the  usual  thermodynamic 
state  variables  now  employed  in  theory.  The  model 
outlined  above  is  but  one  such  alternative  to  the 
current,  essentially  empirical,  treatments. 
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Recently,  we  have  repeated  the  experiment  on 
1 .75-g/cm3  PETN  depicted  in  Fig.  8,  using  thicker 
plastic  sheathing,  and  again  found  that  higher  pres- 
sure maxima  were  recorded.  We  expect  that  further 
tests  will  eliminate  the  notion  of  interrupted  decom- 
position in  high-density  PETN,  but  that  such  features 
as  an  induction  time  for  appreciable  decomposition 
and  a transition  to  detonation  by  an  unreactive, 
compressive  wave  should  remain  valid.  These  aspects 
of  the  initiation  of  heterogeneous  explosive  still 
present  currently  unmet  demands  on  its  computer 
simulations  and  the  physical  characterization  of  hot- 
spots, but  elimination  of  the  interrupted  decomposi- 
tion should  simplify  the  task  of  finding  realistic 
models.  4 April  1977 
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The  registration  of  the  inert  material-explosive  interface  under  various  shock  waves 
of  rectangular  profile  has  b^en  proposed  as  the  observation  method  of  the  character 
of  shock  wave  condense  explosive  decomposition.  Liquid  and  cast  charges  of  TNT 
as  well  as  TNT  and  hexogen  charges  of  loose  density  filled  with  different  gases  or 
liquids  have  beer,  investigated.  It  has  been  shown  that  the  gases’  nature  and  their 
initial  pressure  (from  0.1  to  10  atm)  do  not  affect  the  loose  density  charges  de- 
composition character.  There  are  two  regions  of  the  shock  pressure  for  all  charges 
investigated.  The  explosives  ’ decomposition  character  in  these  two  regions  is  differ- 
ent. A homogeneous  thermal  explosion  seems  to  occur  at  higher  pressures  but  the 
reaction  processes  in  individual  "hot  spots” are  responsible  for  the  decomposition 
at  low  pressures.  An  alteration  of  the  decomposition  character  takes  place  in  a 
narrow  range  of  pressures.  It  depends  on  the  explosive  state  (liquid  or  solid)  and 
the  explosive  particles  structure.  I 
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For  further  progress  of  the  explosive  detonation 
theory  it  is  necessary  to  investigate  shock  wave  con- 
dense explosive  decomposition.  There  are  few  quan- 
titative  data  on  the  subject  involved  at  present,  in 
essence  they  art  concerned  with  the  registration  of 
the  chemical  spike  of  normal  detonation.  Some  in- 
formation on  condense  explosives  decomposition 
under  shock  waves  of  low  intensity  has  been  obtained 
at  the  investigation  of  the  shock  initiation  of  detona- 
tion mechanism.  The  information  was  qualitative.  It 
has  been  found  that  liquid  explosives  decomposition 
follows  the  pattern  of  a homogeneous  thermal  explo- 
sion, but  solid  heterogeneous  explosives  decomposi- 
tion is  due  to  reaction  processes  in  individual  “hot 
spots”  (1 ,2).  The  investigation  of  the  shock  wave 
solid  explosive  decomposition  mechanism  involves 
considerable  difficulties.  Because  of  the  explosives 
being  opaque,  it  is  difficult  to  observe  the  decomposi- 
tion process.  The  decomposition  process  itself  is 
extremely  complicated  due  to  initial  physical  hetero- 
geneity of  charges.  The  information  for  solid  explo- 


sives has  been  obtained  at  the  investigation  of  shock 
to  detonation  transition  process;  shock  front  veloci- 
ties and  partical  velocity  profiles  have  been  measured 
during  the  investigation.  It  has  been  observed  that 
the  change  of  the  shock  wave  parameters  is  different 
for  various  charges  (liquid,  cast,  bulk)  in  the  transi- 
tion process.  The  difference  is  caused  by  the  charges’ 
decomposition  mechanism  characteristics.  Tire  mech- 
anism depends  on  many  factors.  The  elucidation  of 
some  of  their  effects  is  the  subject  matter  of  the 
paper.  The  registration  of  the  inert  material-explosive 
interface  motion  has  been  proposed  (3)  to  investigate 
the  effect  of  the  factors  on  the  decomposition  charac- 
ter. However,  the  use  of  shock  to  detonation  transi- 
tion process  registration  would  be  a very  labour- 
consuming procedure  in  the  investigation  involved. 
The  main  investigations  have  been  carried  out  with 
TNT  and  hexogen  charges. 

The  test  set-up  measurement  of  the  inert  material- 
explosive  interface  velocity  u(t)  with  the  electro- 
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magnetic  probe  is  shown  in  Fig.  1.  Rectangular  pro- 
files different  shock  waves  of  3 4-  6 /as  duration  have 
been  applied,  the  observation  time  being  2 + 3 ns. 

The  u(t)  depends  on  explosives  decomposition 
character.  If  the  decomposition  does  not  take  place, 
the  u(t)  profile  will  be  rectangular  similar  to  that  for 
inert  material.  The  decomposition  causes  pressure 
increase  and  decelerates  the  inert-explosive  interface. 
The  degree  of  the  u deceleration  provides  a qualita- 
tive information  on  explosives  decomposition  in- 
tensity. To  calculate  the  pressure  in  the  explosives 
the  initial  values  cf  the  interface  velocities  and  the 
explosives  shock  adiabats  have  been  used.  The  shock 
adiabats  we  have  used  are  the  following: 

D = (2.0  + 1.68  u)  km/s 

(4)  for  liquid  TNT  at  85  + 90°C  (here  D is  shock 
velocity  and  u-particle  velocity). 

D = (2.16  + 2.24  u)  km/s 

(5)  for  cast  TNT  at  initial  charge  density  of  1.62 
g/cm3. 

D = (1.5  + 2.36  u)  km/s 

(6)  for  TNT  filled  with  water  at  initial  charge  density 
of  1.31  g/cm3. 

D = (0.3  + 1.75  u)  km/s 

(7)  for  powder  TNT  of  loose  charge  density  0.9 
g/cm3. 

D = (0.4  + 2.0  u)  km/s 
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(8)  for  powder  hexogen  of  loose  charge  density  1.0 
g/cm3. 

D = (1.5 + 2.3  u)  km/s 

(obtained  at  the  investigation)  for  powder  hexogen 
filled  with  water  at  initial  charge  density  1 .43  g/cm3. 

Some  oscillograms  of  the  u(t)  are  shown  in  Fig.  2 
to  demonstrate  the  method’s  potentiality.  The 
oscillogram  (a)  corresponds  to  the  experiments  when 
explosive  has  been  substituted  by  acetone  and  the 
shock  pressure  equals  8 kbar.  Once  can  see  that  the 
shock  wave  profile  is  in  fact  rectangular  for  inert 
material.  The  oscillogram  (b)  is  for  liquid  TNT;  the 
shock  pressure  equals  100  kbar.  The  shock  wave 
rectangular  profile  indicates  that  liquid  TNT  behavior 
at  the  pressure  is  similar  to  that  of  inert  substance. 
The  oscillogram  (c)  is  for  powder  hexogen  charge 
(particle  size  equals  approximately  0.25  mm)  with 
the  density  of  1.0  g/cm3;  the  shock  pressure  is  9 
kbar.  The  gradual  decrease  of  the  u shows  that 
powuer  hexogen  even  at  this  low  shock  pressure  starts 
to  decompose  at  the  moment  of  shock  entrance.  The 
oscillogram  (d)  is  for  liquid  TNT  at  1 55  kbar  shock 
pressure.  The  rapid  decrease  of  the  interface  velocity 
indicates  that  liquid  TNT  explodes  at  the  moment  of 
the  shock  entrance.  It  should  be  noted  that  for  all 
the  charges  investigated,  one  of  the  oscillograms  pre- 
sented has  been  registered  at  various  shock  pressures. 


Fig.  2. 
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Liquid  and  cast  TNT.  Textolite  has  been  used  as 
an  inert  material  in  the  liquid  TNT  (85  * 90°C)  ex- 
periments whereas  paraffin  has  been  used  in  the  cast 
TNT  experiments.  The  diagrams  of  the  u(t)  for  vari- 
ous shock  pressures  in  liquid  (a)  ar.d  cast  (b)  TNT  are 
shown  in  Fig.  3.  Figures  in  the  diagrams  represent 
the  shock  pressure  values  at  the  interface.  One  can 
sec  that  liquid  TNT  at  120  kbar  does  not  start  to 
decompose  in  one  /is  and  at  1 55  kbar,  it  explodes 
without  any  time  delay. 

The  gradual  practically  linear  decrease  of  the  u for 
the  registration  time  is  observed  in  the  cast  TNT 
experiments  up  to  120  kbar.  This  character  of  the 
cast  TNT  interface  velocity  dependence  differs  from 
that  of  liquid  TNT.  In  the  cast  TNT  experiments  at 
pressures  more  than  120  kbar  and  in  the  liquid  TNT 
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experiments  at  155  kbar,  the  u(t)  dependences  of  4 

similar  character  are  observed.  A slight  decrease  of  \ 

the  u(t)  initial  part  width  has  been  observed  at  the  i \ 

shock  pressure  increase.  It  must  be  noted  that  the  ' j 

change  of  the  u(i)  dependence  character  occurs  in  a 

narrow  interval  of  pressures.  The  oscillograms  , 

without  an  abrupt  initial  decrease  of  the  u have  been  1 

perfectly  reproduced  at  the  pressures  below  1 10  kbar  • 

or  equal  to.  The  oscillograms  with  the  abrupt  initial  j 

decrease  have  been  perfectly  registered  either  at  the  * 

pressures  equal  to  or  more  than  130  kbar.  Both 

types  of  oscillograms  have  been  observed  at  the  inter-  1 

mediate  pressures. 


Filled  TNT  and  hexogen  charges.  Paraffin  has  been  jl 

used  as  inert  material  in  the  experiments  with  the 

TNT  and  hexogen  charges  filled  with  water.  ' | 

U 

Figure  4 shows  the  data  (a)  for  TNT,  (b)  for  jj 

hexogen.  The  TNT  charge  density  was  approxi- 

mately  1.31  g/cm3.  Figures  in  circles  mark  the  h 

u(t)  dependences  for  the  TNT  charges  of  different  ij 

size  and  density  particles:  1 ,3,5-the  particles  of  1 .54  , , 

* 1.57  g/cm3  density  and  2*3  mm  size;  2-1.0  mm  |j 

size  and  of  the  same  particles  density;  4-the  particles  j ] 

of  1 .64-1 .65  g/cm3  density  and  2*3  mm  size.  The 

hexogen  charges  filled  with  water  have  1 .43  g/cm3  j j 

density  and  the  particle  size  of  0.3  * 0.5  mm.  1 


The  oscillogram  with  the  abrupt  initial  decrease  of  « 

the  u for  the  TNT  charges  with  the  particles  of  1 .54  * 

1 .57  g/cm3  density  has  been  obtained  at  1 10  kbar,  ' 

the  initial  abrupt  decrease  of  the  u being  registered  in 

0.6  ns  time  interval.  It  must  be  emphasized  that  the  ( 

initial  abrupt  decrease  of  the  u has  not  been  observed 

for  the  TNT  charges  with  the  particles  of  1 .64  * 1 .65  1 

g/cm3  density  at  1 10  kbar. 


The  minimal  pressure  when  the  initial  abrupt  de- 
crease occurs  has  not  depended  upon  the  filler  nature 
in  the  TNT  charges  the  same  kind  of  particles.  To 
illustrate  this  fact  the  TNT  particles  of  1.54  * 1 .57 
g/cm3  have  been  chosen  for  the  experiments.  The 
charges  have  been  filled  with  water,  paraffin,  and 
carbon  tetrachlorate,  Approximately  110  kbar  mini- 
mal pressure  has  been  registered  for  all  the  fillers 
used.  But  for  all  the  charges  the  initial  abrupt  de- 


crease of  the  u has  not  been  registered  at  the  shock 
pressure  lower  than  100  kbar  in  time  of  registration 
In  this  pressure  region  the  change  of  the  particles 
sizes  by  2 * 3 times  does  not  affect  the  u(t)  depen- 
dences incline  (see  Fig.  4a:  1 ,2). 
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The  u(t)  dependence  for  the  hexogen  charges  filled 
with  water  were  qualitatively  similar  to  those  of  the 
TNT  charges.  The  initial  abrupt  decrease  of  the  u 
appears  at  the  shock  pressure  some  200  kbar  for  the 
charges  filled  with  water  and  at  some  220  kbar  for 
the  charges  filled  with  carbon  tetrachlorate.  These 
pressures  are  considerably  more  than  those  of  the 
TNT  charges  (~1 10  kbar). 

TNT  and  hexogen  charges  of  loose  density.  The 
TNT  charges  of  0.9  g/cm3  density  were  prepared 
from  the  spherical  particles  of  1 .54  -5- 1 .57  g/cm3 
density  and  2^3  mm  diameter.  The  hexogen  parti- 
cles of  1 .8  g/cm3  density  had  irregular  shape  and  1 .0, 
0.25, 0.06  mm  characteristic  sizes,  respectively.  The 
density  of  hexogen  charges  prepared  of  0.06  mm 


particle  size  was  0.87  g/cm3  and  the  other  hexogen 
charges  had  1.0  g/cm3  density.  Figure  5 shows  the 
paraffin-explosives  interface  velocity  dependences  on 
time  for  TNT  (a)  and  hexogen  (b)  at  different  shock 
pressures.  The  hexogen  particles  of  0.25  mm  size  was 
for  all  the  data  presented  in  Fig.  5. 

The  figure  shows  that  the  u(t)  dependences  for 
TNT  are  the  direct  lines  slightly  inclined,  a tendency 
to  some  incline  increase  being  observed  as  the  pres- 
sure increases.  The  abrupt  decrease  of  the  u has  been 
registered  at  68  kbar  for  0.5-ns  time  interval. 

The  initial  parts  of  the  breaking  curves  (tc  time) 
have  a convex  shape  for  the  hexogen  charges  at  10 
* 31  kbar.  The  convex  shape  obviously  indicates  the 
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decomposition  acceleration.  It  must  be  mentioned 
that  the  u(t)  of  the  convex  shape  transforms  to  the 
u(')  of  the  triangular  shape  at  the  pressure  increase. 
Tne  transition  pressure  was  about  40  kbar  and  did 
not  depend  on  the  particles  size,  but  the  characteris- 
tic time  tc  did.  Figure  6 shows  that  the  dependence 
extent  changes  at  the  different  pressures.  The  parti- 
cle size  considerably  affects  the  tc  value  in  the  region 
of  low  pressures  (~10  kbar)  but  it  does  not  affect 
pressures  as  high  as  SO  kbar.  It  is  interesting  to  note 
that  the  normal  detonation  reaction  time  values  (the 
points  at  190  kbar)  coincide  with  the  tc  value  ob- 
tained by  the  data  extrapolation  to  the  detonation 
pressure. 

The  strong  hexogen  particle  size  influence  on  the 
tc  value  at  low  pressures  could  be  accounted  for  by 
the  action  of  hot  gases  in  pores.  Special  experiments 
to  verify  the  assumption  have  been  carried  out.  The 
decomposition  of  the  TNT,  hexogen,  and  tetryl 
charges  filled  with  different  gases  (air,  argon,  and  carbon 
dioxide)  have  been  investigated.  The  breaking  curves 
within  the  experimental  accuracy  limits  turned  out  to 
be  similar  for  all  the  gases  used.  The  change  of  the 
gases’  initial  pressure  in  pores  did  not  give  rise  to  a 
marked  alteration  of  the  breaking  curves  (9).  Figure 
7 shows  the  relative  interface  velocity  u(t)/uG  for  the 
hexogen  charges  (the  hexogen  particles  size-0.25  mm 
and  the  shock  pressure-9  kbar),  where  u0  is  the 
initial  interface  velocity  value.  The  black  circle 
points  correspond  to  the  experiments  with  air  in 
pores  at  1 atm  pressure;  light  circle  points  to  air  at 
0.05  mm  Hg;  triangular  black  points  to  carbon 


dioxide  at  10  -f  12  atm;  triangular  light  points  to 
carbon  dioxide  at  1 atm.  The  fact  that  all  the  points 
fall  on  one  curve  means  that  the  decomposition 
character  does  not  actually  depend  on  the  nature  and 
initial  pressure  of  the  gases  in  pores.  The  data  on 
shock  initiation  of  detonation  confirm  the  conclu- 
sion. It  has  been  found  that  the  critical  shock  pres- 
sure to  initiate  detonation  also  does  not  depend  on 
the  gases  nature  (3). 

The  data  obtained  in  the  present  paper  enable  one 
to  make  some  consideration  on  condense  explosives 
decomposition  mechanism  in  shock  and  detonation 
waves.  Two  shock  pressure  regions  of  the  different 
kind  of  the  breaking  curves  have  been  revealed  for  all 
the  charges  investigated.  The  various  factors’  in- 
fluence on  the  breaking  curves  in  these  regions  differs 
either.  The  regions  are  divided  by  an  interval  of 
shock  pressure.  The  interval  is  different  for  the  vari- 
ous charges.  For  most  of  the  charges  studied  the 
interval  is  small  in  comparison  with  the  pressure 
values  and  therefore  the  two  pressure  regions  can  be 
conditionally  divided  by  some  pressure  P*.  The  P* 
pressure  is  the  average  in  the  interval. 

In  the  shock  pressure  region  below  P*  the  inter- 
face velocity  is  characterized  by  a gradual  decrease 
with  time  for  the  heterogeneous  solid  explosives.  The 
decrease  depends  upon  many  factors.  Shock  explo- 
sives heating  in  the  region  is  obviously  insufficient  to 
cause  a homogeneous  explosives  decomposition  reac- 
tion in  the  registration  time.  However,  as  the  inter- 
face breaking  starts  at  the  moment  the  shock  en- 
ters the  explosives,  one  can  conclude  that  the  explo- 
sives decomposition  process  begins  also  at  this  very 
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moment  and  is  due  to  the  reaction  in  individual  “hot 
spots."  Some  reasonable  assumptions  on  the  “hot 
spots"  origin  have  been  offered  in  literature.  They 
can  be  divided  in  two  groups:  (1)  It  is  the  heating  of 
explosives  particles  by  a hot  medium  among  the  parti- 
cles that  is  considered  the  main  cause  of  initiating  the 
decomposition.  (2)  It  is  nonhomogcneous  shock 
heating  of  the  very  explosives  that  is  thought  to  be 
the  main  cause  of  initiating  the  reaction.  Prom  our 
standpoint,  the  former  is  not  correct.  The  breaking 
curves  independence  on  the  gases  nature  and  their 
initial  pressure  in  pores  as  well  as  the  independence 
of  P*  on  the  nature  of  fillers  mean  that  the  shock 
heating  of  the  media  among  the  particles  is,  in  fact, 
not  the  principal  cause  of  the  initiation  and  the  de- 
composition reaction  process  under  the  shock  waves 
investigated.  As  to  the  latter,  we  consider  it  to  be 
correct;  the  data  confirm  that.  From  our  data  fol- 
lows that  the  u(t)  is  the  function  of  the  explosives 
particle  size  and  their  structure  in  a large  scale. 


The  breaking  curves  character  depends  on  the  “hot 
spots”  quantity,  on  the  reaction  progress  in  the  “hot 
spots”  as  well  as  on  the  reaction  spreading  over  the 
explosive  matter.  Therefore,  the  interface  breaking 
registration  can  be  applied  as  a method  of  deter- 
mining relative  sensitivity  of  various  kinds  of  charges 
to  reaction  shock  initiation.  For  all  the  charges  con- 
cerned the  experiments  should  be  performed  under 
the  same  conditions;  that  is,  the  same  amplitude  and 
shock  wave  profile,  as  well  as  the  same  material  of 
inert  barrier,  should  be  observed.  For  our  experi- 
ments the  amonium  nitrate,  TNT,  tetryl,  hexogen, 
and  PETN  charges  have  been  chosen.  The  shock  wave 
amplitude  was  10  t 12  kbar  and  the  barrier  was  made 
of  paraffin.  The  ratio  of  the  u to  the  u0  value  has 
been  determined  in  2 /is  after  the  shock  wave  front 
enters  the  charges.  The  less  the  value,  the  more  sensi- 
tive explosive  to  which  the  value  corresponds.  As  a 
result  the  following  sensitivity  succession  has  been 
obtained:  ammonium  nitrate-0.99,  TNT-0.94; 
tetryl-0.79,  hexogen-0.76,  PETN-0.39.  It  must  be 
noted  that  the  sensitivity  succession  coincides  with 
the  mechanical  impact  sensitivity  succession  for  these 
explosives  (9).  The  coincidence  obviously  indicates 
that  similar  processes  in  the  explosives  are  involved  in 
weak  shock  and  mechanical  impacts  action. 

The  breaking  curves  are  similar  for  all  the  charges 
investigated  at  the  pressures  more  than  the  P*  value. 

It  has  been  found  that  a gradual  decrease  followed  an 


abrupt  initial  (O.S  t 0.7  /as)  decrease  of  the  u.  The 
explosives  particles  size,  the  fillers  nature,  and  shock 
wave  amplitude  slightly  affect  the  interface  breaking 
curves  and  the  time  of  an  abrupt  decrease  of  the  u. 
Slight  influence  of  these  factors  on  the  charges  de- 
tonation wave  reaction  time  has  been  noted  earlier 
(1).  From  the  data  obtained  it  follows  that  the  vari- 
ous factors  slight  influence  on  the  explosives  decom- 
position time  is  observed  at  the  shock  pressures 
markedly  less  than  that  of  the  shock  front  of  the 
detonation  waves  P j at  the  charges  diameters  near  the 
critical  ones;  that  is,  P*  is  always  less  than  P y.  So  for 
liquid  TNT  P*  is  1 35  kbar  and  P y is  250  kbar;  for  cast 
TNT  P*  is  1 20  kbar  and  Pj  is  190  kbar;  for  the  filled 
TNT  charges  P*  is  1 10  kbar  and  Pj  is  120  kbar;  for 
the  TNT  charges  of  loose  density  P*  is  70  kbar  and  Pj 
is  80  kbar;  for  the  filled  hexogen  charges  P*  is  210 
kbar  and  Pj  is  240  kbar. 

The  strong  initial  interface  breaking  indicates  a 
rapid  explosives  decomposition  into  the  products 
characteristic  of  detonation.  This  conclusion  is  con- 
flimed  by  the  coincidence  of  the  states  corresponding 
to  the  point  of  an  abrupt  change  of  the  breaking 
curve  with  the  states  on  the  detonation  products 
isoentropy  curve.  The  calculation  of  the  transition 
process  of  the  shock  waves  from  the  inert  barrier 
directly  into  the  detonation  products  provides  the 
detonation  products  states. 

The  explosives  solid  charges  decomposition  pre- 
sumably follows  the  adiabatic  explosion  mechanism 
at  pressures  more  than  P*.  It  is  the  similarity  of  the 
breaking  curves  for  heterogeneous  solid  charges  to 
those  of  homogeneous  liquid  explosives  that  is  the 
background  for  this  conclusion. 

The  difference  of  the  decomposition  character  at 
high  and  low  shock  pressures  is  probably  due  to  the 
peculiarity  of  the  hot  spots  shock  generation  process. 
It  is  not  improbable  that  the  number  of  the  hot  spots 
increases  in  such  a manner  that  at  the  pressures  more 
than  P*  their  concentration  becomes  so  high  that  the 
temperature  nonuniformities  caused  by  them  dis- 
appear earlier  than  the  marked  explosive  fraction  has 
reacted.  However,  it  is  not  excluded  that  similar 
behavior  of  heterogeneous  solid  explosives  and  homo- 
geneous liquid  explosives  at  pressures  more  than  P* 
does  not  indicate  that  the  temperature  non- 
uniformities in  solid  explosives  disappear.  On  the 
contrary,  it  indicates  that  temperature  nonuniformi- 
ties originate  in  liquid  explosives.  On  the  other  hand, 
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as  the  decomposition  time  depends  little  on  the  shock 
pressure  at  the  pressures  more  than  P*.  the  decompo- 
sition process  is,  presumably,  of  non-temperature 
nature.  The  non-temperature  nature  can  be  due  to 
the  shock  compression  features’  influence  on  the 
explosive  decomposition  kinetics  (high  pressure, 
tremendous  rates  of  loading,  etc.). 

Thus,  from  the  data  in  question,  it  follows  that  the 
solid  explosives  decomposition  mechanisms  at  the 
shock  pressures  more  than  P*  and  less  than  P*  are  of  a 
qualitatively  different  nature  and,  therefore,  one  can 
not  advance  a unified  theory  for  the  full  scale  of 
shock  pressures. 

The  data  on  shock  explosives  decomposition  for- 
mal kinetics  are  of  interest  for  some  problems.  In 
spite  of  some  difficulties,  such  data  can  probably  be 
obtained  by  applying  mathematical  treatment  to  the 
results  measured  by  the  method  suggested  in  the 
investiption. 
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Critical  diameter  and  shock  initiation  threshold  are  determined  for  cast  TNT  at  ini- 
tial explosive  temperatures  of 291,  77.4,  and  20.4° K.  The  data  on  the  initiation 
threshold  are  obtained  in  divergent  shock  geometry  ( gap  test).  Trotyl  is  found  to 
be  less  shock  sensitive  at  reduced  initial  temperatures.  However,  the  critical  diam- 
eter decreases  from  15  mm  at  291°K  to  11  mm  at  20.4° K.  It  is  shown  that  this  is 
connected  with  the  considerable  irreversible  change  in  physical-mechanical  struc- 
ture of  cast  TNT  at  a decrease  in  temperature.  The  chemical  reaction  zone  length 
calculated  from  the  detonation  velocity  dependence  on  the  charge  diameter  accord- 
ing to  the  curved  front  theory  increases  by  a factor  of  1.5.  In  this  case  the  ideal 
detonation  velocity  increases  not  more  than  by  1%  while  the  explosive  density  in- 
creases by  about  5%  with  initial  temperature  decrease.  It  is  shown  that  the  simple 
kinetic  representations  developed  for  homogeneous  explosives  are  not  suitable  to 
describe  the  changes  in  the  reaction  zone  length  and  in  the  critical  diameter.  The 
notion  of  critical  initiation  energy  proposed  for  heterogeneous  explosives  is  made 
more  accurate.  Effect  of  initial  temperature  on  the  initiation  threshold  is  analysed 
using  the  introduced  notion  of  critical  initiation  power  for  explosives. 


INTRODUCTION 

The  influence  of  a low  initial  temperature  (T0)  on 
detonation  limits  of  cast  TNT  is  studied  in  this  paper, 
relative  to  the  fact  that  in  a series  of  experiments 
some  explosives  are  used  at  the  boiling  temperature 
of  liquid  nitrogen  and  liquid  hydrogen  (1 ).  It  mckes 
sense  for  the  proper  design  of  explosive  devices  as 
well  as  for  the  development  of  theoretical  models  of 
the  initiation  process  and  the  detonation  propagation. 
The  effect  of  variation  in  initial  temperature  for 
homogeneous  explosives  can  be  described  by  differ- 
ent models  based  on  the  thermal  explosion  theory 
(TET).  In  these  models  the  typical  reaction  time  and 
related  values  depend  upon  T0  (2-4).  However,  the 
predictions  of  these  theories  for  heterogeneous  explc 
sives  do  not  agree  with  experimental  results  (S-7). 


Therefore,  a systematic  study  of  the  influence  of  dif- 
ferent factors  including  also  T0  on  the  critical  condi- 
tions of  ignition  and  propagation  of  detonation  are 
likely  to  make  a certain  contribution  to  an  under- 
standing of  these  phenomena. 

There  are  only  some  papers  dealing  with  the  char- 
acteristics of  heterogeneous  explosives  at  low  initial 
temperatures.  In  paper  (5)  it  was  observed  that  the 
critical  diameter  (dc)  of  powdered  TNT  with  initial 
density  p0  = 1 g/cc  increased  to  10  mm  with  decreas- 
ing T0  to  -193°C  (at  T„  = 75°C,  dc  = 5.5  mm).  Au- 
thors associated  these  results  with  the  fact  that  the  re- 
action rate  decreases  at  reduced  T0  of  matter.  In 
(6,7)  the  increase  in  the  chemical  reaction  time  was 
observed  by  the  electromagnetic  technique:  for  cast 
RDX/TNT  50/50  the  reaction  time  increased  by  a 
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factor  of  1.5  at  T0  = 77  - 20.4°K;  for  powdered 
(1  g/cc)  and  cast  (1 .62  g/cc)  TNT  it  increased,  ap- 
proximately, by  a factor  of  2 at  T0  = 140°K.  But  in 
this  case  the  steady  state  detonation  parameters 
changed  only  slightly.  Calculation  of  the  induction 
time  change  of  the  adiabatic  thermal  explosion  with 
the  “low”-temperature  kinetic  parameters  for  TNT 
(4)  showed  that  the  decrease  in  temperature  T,  by 
150-250°  at  a level  of  1100-1 300°K  must  result  in 
the  reaction  time  increase  at  least  by  an  order  of  mag- 
nitude (here  T,  is  the  shock  initial  temperature  be- 
hind the  front  of  the  shock  preceding  the  reaction 
zone). 

If  the  value  of  a critical  diameter  is  proportional  to 
the  reaction  time  (rc)  at  a charge  diameter  d = dc  and 
the  ideal  detonation  reaction  time  (rr)  is  a good  ap- 
proximation for  rc  one  should  expect  the  increase  in 
dc  for  both  powdered  and  cast  TNT.  According  to 
(5,7)  a satisfactory  agreement  between  the  change  in 
dti  and  experimentally  determined  rt  occurs  for  pow- 
dered TNT.  As  will  be  shown  below,  for  cast  TNT 
even  a qualitative  agreement  does  not  take  place:  the 
reaction  time  increases,  but  the  critical  diameter  de- 
creases. 

The  influence  of  the  initial  temperature  on  the  ini- 
tiation threshold  (Pt)  was  studied  in  a series  of  works, 
however,  the  quantitative  data  are  few  in  number. 

The  main  conclusion  of  these  papers  is  that  shock 
sensitivity  of  explosive  increases  at  elevated  Tc. 
Qualitatively,  this  conclusion  is  clear  as  under  pre- 
heating the  bulk  shock  heating  temperature  of  the 
test  explosive  increases  at  the  shock  pressure  of  the 
same  magnitude,  and  the  induction  time  in  TET  oc- 
curs to  be  the  extremely  sensitive  function  of  temper 
ature.  For  heterogeneous  explosives  the  shock  heat- 
ing is  small,  and  therefore  it  should  be  supposed  that 
T0  would  influence  sufficiently  on  the  initiation 
threshold.  However,  the  presence  of  hot  spots,  i.e., 
localized  regions  of  high  temperature,  reduces  this 
effect.  In  (8)  an  attempt  was  made  to  relate  the  hot 
spot  temperature  to  dynamical  properties  of  the  in- 
put shock  and  T0.  This  made  it  possible  to  calculate 
the  chemical  induction  time  from  measured  shock 
pressure.  However,  a quantitative  explanation  of  Pj 
vs  T0  was  absent. 

In  this  paper  on  tf.«  basis  of  the  notion  of  critical 
initiation  energy  introduced  in  (9)  for  heterogeneous 
explosives  and  analysed  for  tome  explosives  in  ( 10,1 1) 
the  attempt  has  been  made  to  describe  quantitatively 


the  effect  of  initial  temperature  on  the  initiation 
threshold.  The  internal  thermal  energy  of  an  explo- 
sive sample  in  the  initial  state  which  is  determined  by 
its  specific  heat  and  initial  temperature  has  been  in- 
cluded into  consideration,  additionally.  The  data  (8) 
at  elevated  T0  and  the  data  of  this  work  at  reduced 
T0  have  been  analysed  on  the  basis  of  this  hypothesis. 
Calculated  data  are  in  satisfactory  agreement  with 
measured  values  of  P(. 

EXPERIMENTAL  TECHNIQUE 

Cast  TNT  was  chosen  for  the  present  work  because 
it  has  received  the  most  study.  Moreover,  it  is  cast- 
able  material  and  hence  can  provide  charges  which  are 
approximate  in  the  degree  of  physical  homogeneity 
to  homogeneous  explosives,  i.e.  it  should  be  expected 
that  the  conclusions  of  the  thermal  explosion  theory 
are  more  widely  applicable  to  cast  TNT  than  to  other 
heterogeneous  explosives  (pressed,  powdered,  mixed). 
Charges  were  made  of  creamed  TNT  with  10%  pow- 
der addition  and  with  rapid  cooling  and  continuous 
mixing.  Castings  had  a uniform  fine-crystalline  struc- 
ture at  a density  of  1 .6 1 5 g/cm3 . At  low  initial  tem- 
peratures a density  was  determined  by  the  precision 
weighing  of  the  explosive  samples  in  liquid  nitrogen 
or  liquid  hydrogen.  The  densities  of  liquid  gases 
under  1 atm  and  at  the  boiling  point  were  assumed  to 
be  equal  to  0.808  g/cm3  for  nitrogen  and  to  0.071 
g/cm3  for  hydrogen  (12). 

The  detonation  velocity  (D)  as  a function  of 
charge  diameter  was  measured  by  means  of  pins 
placed  in  five  positions  down  a cylindrical  charge  in 
a 0.2  mm  paper  confinement.  The  charge  diameter 
varied  from  8 mm  to  56  mm.  In  all  the  experiments  a 
powerful  hexolite  booster  was  used,  the  parameters 
being  determined  in  the  steady  state  detonation  re- 
gime. The  charge  length  with  diameter  close  to  the 
critical  one  was  equal  to  (10  * 12)d.  Time  intervals 
were  measured  by  four  100-MHz  digital  chrono- 
graphs. The  detonation  velocity  was  determined  with 
an  accuracy  better  than  0.5%.  In  the  low  tempera- 
ture experiments  the  charge  was  placed  inside  a styro- 
foam case.  Immediately  before  the  firing  liquid  gas 
was  poured  off. 

The  scheme  of  the  test  used  to  determine  the 
shock  sensitivity  is  shown  in  Fig.  1 . It  is  a conven- 
tional gap  test  with  a 1.61  g/cm3  cast  trotyl  donor 
(5  cm  in  diameter,  5 cm  long)  and  a plane  wave  lens. 
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Fig.  1.  Schematic  diagram  of  the  gap  test  and  typical  resistance  probe  oscillograms. 


FAILURE 

T0  = 77.4°K 
H = 34  mm 
Us  = 3.8  km/sec 


IGNITION 

T0  = 20.4°K 
H =32  mm 
Xrun  = 24  mm 


A 5.4-cm-diameter  polymethyl  methacrylate  attenua- 
tor separates  a donor  from  the  test  charge.  The  ac- 
ceptor explosive  (3.8  cm  diameter,  10  cm  long)  has  a 
confinement  of  a steel  sleeve  (3.8  cm  ID,  5.4  cm  OD), 
thus  an  equivalent  diameter  of  the  acceptor  is  approx- 
imately equal  to  9.6  cm.  A mild  steel  witness  plate 
and  a resistance  probe  are  used  in  every  shot  to  deter- 
mine ignition  and  failure.  The  usage  of  the  resistance 
probe  is  expi.  Jned  by  the  fact  that  at  low  initial  temper- 
atures a toughness  of  the  witness  material  sufficiently 
decreases  and  therefore  the  degree  of  witness  destruc- 
tion can’t  serve  as  a reliable  indicator  of  high-velocity 
detonation.  The  use  of  the  resistance  probe  analo- 
gous to  that  described  in  (13)  with  impulsive  constant 
current  supply,  visualizing  the  initiating  shock  trajec- 
tory on  the  screen  of  a storage  oscilloscope  allows 
easily  to  distinguish  initiation  or  failure,  and  to  ob- 
tain additionally  the  initiation  distance,  character  of 
the  shock-to-detonation  transition,  mean  velocity  of 
the  reactive  wave  (Fig.  1).  The  input  shock  ampli- 
tude is  varied  by  varying  the  gap  length.  Data  for  ob- 
taining the  50%  initiation  threshold  were  gathered  in 
the  “up-down"  procedure.  In  the  low  temperature 
experiments  an  assembly  was  placed  in  a styrofoam 
case  filled  with  liquid  gas.  Immediately  before  the 
firing  the  donor  was  put  on  the  attenuator,  and  a 
level  of  liquid  was  situated  near  the  gap/acceptor 
interface. 

Gap  pressure  (Pg)  at  the  50%  gap  length  is  meas- 
ured using  a shock  polarization  effect  of  plexiglas 


(14).  For  this  purpose  a 10  mu  aluminum  layer  was 
sprayed  on  the  attenuator  bottom,  and  this  layer 
served  as  a grounded  electrode.  A measuring  plexiglas 
plate  (1  cm  diameter,  1 .2  mm  thickness)  was  put 
against  it,  and  the  run  time  of  shock  through  the 
plate  was  measured.  These  experiments  were  carried 
out  at  291°K,  and  it  was  assumed  that  Pg,  at  the 
fixed  cap  length,  didn’t  depend  on  the  initial  temper- 
ature. Then  the  50%  pressure  at  the  end  of  the  gap 
was  converted  to  the  initiating  pressure  transmitted 
to  the  explosive  by  use  of  the  Hugoniots  of  the  plexi- 
glas and  cast  TNT  which  were  determined  at  normal 
temperature  (15): 

plexiglas,  p0  =1.18  s/cc,  U ■ 2.56  + 1.69  u 
for  0.54  <u<  1.42 

cast  TNT,  p0  = 1.614  g/cc,  U = 2.39  + 2.05  u 
for  0.32<u<  1.48 

where  U is  the  shock  velocity  in  mm/ptec,  u is  the 
particle  velocity  in  mmlptec.  Hugoniot  data  were 
not  corrected  for  the  changes  in  T0,  because  for 
trotyl  it  does  not  make  sense:  at  reduced  T0  and  at 
the  same  shock  amplitude  the  explosive  occurs  to  be 
more  inert  matter  than  at  normal  T0.  The  use  of  un- 
corrected explosive  Hugoniot  results  in  the  increase  in 
the  calculated  value  of  Pj  at  the  reduced  T0.  Using 
the  calculated  Hugoniot  for  the  unreacted  TNT  pre- 
sented in  paper  (16,  Fig.  3),  one  can  estimate  this  ef- 
fect: the  resulting  error  at  the  highest  pressure  (~60 
kbar)  is  not  in  excess  of  3 -s-  5 kbar. 
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RESULTS 


The  detonation  velocity  as  a function  of  charge 
diameter,  initial  density  and  a series  of  other  calcu- 
lated values  at  different  T0  are  presented  in  Fig.  2 
and  Table  1 . Ideal  detonation  velocity  (Dj)  and  re- 


i/j  (...) 

Fig.  2.  Detonation  velocity  vs  inverse  diameter  for 
cast  TNT  at  various  initial  temperatures.  The  values 
of  D at  77.4°  K and  20.4°  K are  not  corrected  for  the 
change  of  the  measurement  base.  Solid  lines  repre- 
sent D against  1/d  at  291  °K  and  20.4° K according  to 
the  curved  front  theory. 

action  zone  length  (a0)  are  computed  from  Eyring's 
curved  front  theory.  Reaction  time  is  assumed  to  be 
approximately  equal  to  4 a0/3Dj.  According  to  (2) 
the  poly  tropic  exponent  nc  of  detonation  products 
for  cast  TNT  was  assumed  to  be  equal  to  4.5  near  the 
limit  of  steady  state  detonation.  Therefore,  the  deto- 
nation pressure  at  dc  was  calculated  from  the  rela- 
tionship 

PC=^TT- 0-182  p0D2 

nc  + 1 

The  discrepancy  between  the  data  obtained  at  normal 
temperature  and  those  presented  in  (10,17)  is  ex- 
plained by  the  difference  in  the  production  technique 
of  cast  TNT : the  solid)  flcstion  and  addition  of  the 
fine  TNT  powder  to  the  melt  results  in  the  formation 
of  many  crystallization  centers,  and,  respectively,  to 
the  decrease  in  the  reaction  zone  length  and  in  the 
initiation  threshold  (Table  1 and  Table  2). 

The  change  in  p0  at  the  temperature  decrease  ac- 
counts for  S%  what  is  in  agreement  with  the  calcu- 
lated value  (7)  and  allows  to  estimate  the  change  in 
the  measurement  base  (x0)  assuming  that  the  thermal 
contraction  of  explosive  is  isotropic: 


Ax0/x0  = j(Ap0/p0)  = 1.7  • lO"2 

This  estimate  permits  to  make  correction  of  the  meas- 
ured detonation  velocities.  The  data  of  Table  1 show 
that  the  detonation  velocity  and  detonation  pressure 
for  both  ideal  and  non-ideal  regimes  differ  only 
slightly  from  the  analogous  parameters  at  291°K 
what  is  in  good  agreement  with  the  results  of  papers 
(6,7).  Measured  change  in  Dt  is  sufficiently  less  than 
it  could  be  supposed  from  the  increase  of  the  initial 
explosive  density  from  the  linear  dependence  D(Po) 
with  the  proportionality  factor  of  3230  m * cc/g  * sec 
determined  at  normal  conditions.  Instead  of  the  sup- 
posed increase  in  Dj  approximately  by  300  m/sec,  the 
increase  only  by  50  m/scc  was  measured.  This  is  ob- 
viously connected  with  the  chemical  equilibrium  shift 
of  explosive  decomposition  resulting  in  the  change  in 
a quantitative  composition  of  detonation  products 
and  chemical  energy  of  the  detonation  reaction. 

The  increase  in  the  reaction  zone  length  approxi- 
mately by  a factor  of  1.5,  and,  respectively,  in  reac- 
tion time  vs  T0  is  in  agreement  with  (6,7),  but,  in  the 
same  time,  it  is  much  less  than  we  could  expect  from 
the  thermal  explosion  theory.  Probably,  it  is  ex- 
plained by  the  weak  dependence  of  reaction  time  on 
detonation  pressure,  and,  consequently,  on  T,  for 
TNT  (2).  This  can  be  explained  by  the  following  (7): 

1 . Kinetic  constants  change  under  detonation 
pressures.  It  is  noted,  however,  that  according  to 
(18)  kinetic  constants  for  TNT  do  not  change  at 
static  pressures  up  to  50  kbar  in  the  temperature 
range  of  500  * 700°K,  and  the  reaction  of  low  TNT 
decomposition  is  of  the  zeroth  order. 

2.  Reaction  time  in  solid  TNT  detonation  wave  is 
defined  by  not  T,,  but  by  the  final  decomposition 
stages  weakly  dependent  on  initial  temperature. 

3.  Dynamical  loads  influence  specifically  on  de- 
composition kinetic  of  solid  explosives.  From  our 
point  of  view,  however,  the  usage  of  the  dependence 
of  induction  time  on  T,  according  to  TET  is  not  a 
correct  way  in  estimating  rr  vs  T,  for  heterogeneous 
explosives.  It  is  connected  with  the  sia  Statical  charac- 
ter of  the  formation  of  hot  spots  and  with  their  inter- 
action one  another,  what  makes  this  process  more 
complicated,  and,  besides,  makes  impossible  the  usage 
of  simple  relations  of  TET  which  are  suitable  only  for 
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TABLE  1 


Summarized  Data  for  TNT  on  Propagation  of  Detonation  at  Various  Initial  Temperatures 


T 
* ° 

K 

19 

Di 

mm/Msec 

ao 

mm 

— 

Ti 

Msec 

181 

Dc 

mm //r  sec 

(D/Dj)c 

Pc 

kbar 

291 

1.615 

6.97 

0.42 

0.08 

15 

6.68 

0.96 

131 

77.4* 

1.70 

6.99 

0.55 

0.105 

<8 

- 

- 

- 

20.4 

1.71 

7.00 

0.62 

0.12 

11 

6.64 

0.95 

137 

*In  calculating  D(  and  aQ  at  77.4°K  the  values  of  detonation  velocity  at  only  d > 12  mm  were  used,  because  at  d = 8 mm  and  10 
mm  the  large  departures  of  the  data  from  calculated  line  were  observed. 


TABLE  2 

Gap  Test  Shock  Sensitivity  Data  for  Cast  TNT  at  Various  Initial  Temperatures 


H 

H50±95%AH 

mm 

pg 

kbar 

Pi* 

l.cxp 

kbar 

Pi,calc 

kbar 

Eo 

j/g 

E"** 

j/cm2  Msec 

E'/t** 
j/cm2  Msec 

291 

47.8  ± 0.9 

24 

28 

““  " 

28 

265 

217 

70 

77.4 

33  ± 0.6 

47 

57 

52 

22 

248 

233 

20.4 

33.3  ± 0.6 

47 

57 

55 

0.2 

235 

233 

average  E"  = 233  ± 15 

'Determination  accuracy  of  the  experimental  Pj  accounts  for  t 10%. 
"Values  of  E‘/r  and  E"  are  calculated  for  experimental  values  of  Pj. 


describing  the  development  process  of  a single  hot 
spot.  It  will  be  shown  below  how  one  can  estimate 
the  maximum  change  in  rr  vs  T0  without  using  the 
notions  ofTET. 

As  stated  in  the  introduction,  the  existing  theories 
of  a critical  diameter  for  homogeneous  explosives  pre- 
dict its  increase  as  T0  decreases.  But  in  the  experi- 
ments with  cast  TNT  the  decrease  in  the  critical  diam- 
eter was  observed  though  the  reaction  zone  length 
increased  (Table  1).  Critical  diameter  is  determined 
as  being  midway  between  the  nearest  diameters  of  det- 
onation and  failure,  the  data  are  accurate  to  ± 1 mm. 
The  cause  of  such  abnormal  behaviour  of  dc  vs  T0  is 
not  cleared  up.  It  is  probably  connected  with  the 
change  in  physical-mechanical  structure  of  cast  TNT 
as  T0  decreases  because  of  appearing  local  spatial 
temperature  gradients.  To  test  this  hypothesis,  the 


experiments  were  carried  out  at  291°K  with  the  cast 
fine-crystalline  TNT,  pre-cooied  up  to  77.4°K  the 
charge  diameters  being  12  and  10  mm.  The  steady 
state  detonation  was  registered  with  the  velocities  of 
6.87  and  6.84  km/sec,  respectively.  As  far  as  these 
diameters  are  less  than  the  critical  one  for  TNT  not 
subjected  to  low  temperatures,  it  means  that  the  irre- 
versible change  occurs  in  physical-mechanical  struc- 
ture of  cast  TNT  as  T0  decreases.  Additional  experi- 
ments were  made  with  cast  large-crystalline  TNT 
(p0  = 1 .60  g/cc)  having  dc  = 27.5  mm  at  normal  tem- 
peratures (2).  The  charges,  18  and  14  mm  in  diame- 
ter, were  fired  at  77.4°K.  As  in  the  case  of  the  fine- 
crystalline  trotyl,  a significant  decrease  in  dc  was 
observed:  at  the  indicated  diameters  the  charges 
detonated  with  constant  velocities  of  6.8S  and  6.70 
km/sec,  respectively.  Thus  we  were  not  able  to  re- 
veal purely  temperature  effect  on  dc  as  T0  decreases 
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for  cast  TNT,  because  of  the  change  in  its  physical- 
mechanical  structure.  In  experiments  of  paper  (5) 
with  1 g/cc  powdered  TNT  already  at  normal  temper- 
ature a degree  of  physical-mechanical  heterogeneity 
was  significant.  As  T0  decreased  to  -193°C,  it  didn’t 
change  significantly  and  therefore  it  has  been  possible 
in  paper  (5)  to  reveal  the  influence  of  reduced  T0  on 
dc.  Apparently,  the  influence  of  T0  on  dc  for  hetero- 
geneous explosives  can  be  properly  explained  only  by 
two-dimensional  gas  dynamical  calculations  taking 
into  account  real  kinetic  of  chemical  decomposition 
and  real  physical-mechanical  properties  of  explosives 
as  it  was  done  by  Dremin  for  homogeneous  explo- 
sives (2,3). 

Listed  in  Table  2 are  the  shock  sensitivity  data  for 
cast  TNT  at  different  T„.  It  is  seen  that  the  explosive 
becomes  less  shock  sensitive  at  reduced  T0  than  at 
room  temperature.  Qualitatively,  it  is  connected  with 
the  change  in  temperature  of  shocked  explosive  and 
characteristics  of  hot  spots  appearing  in  the  shock 
passage  through  a heterogeneous  explosive.  The  pos- 
sible change  of  a degree  of  physical  homogeneity  con- 
nected with  the  increase  in  p0  makes  a certain  contri- 
bution as  well.  However,  if  to  characterize  physical 
homogeneity  by  the  value  of  (D/Dj)c  (17)  than,  as 
seen  from  Table  1 , it  changes  only  slightly.  Initiation 
distance  and  time  to  detonation  decrease  due  to  the 
increase  in  initiating  pressure.  The  shock-to-detona- 
tion  transition  is  characterized  by  the  gradual  increase 
in  the  initiating  shock  velocity.  In  this  respect  the  re- 
sults are  in  qualitative  agreement  with  the  existing 
idea  of  the  shock  initiation  character  of  heterogene- 
ous explosives. 

In  the  cases  when  high-velocity  detonation  was  ab- 
sent at  both  normal  and  reduced  initial  temperatures 
the  sustained  wave  propagation  with  an  average  veloc- 
ity of  3.3  km/sec  at  291°K  and  that  of  3.9  km/sec  at 
77  t 20°K  was  registered.  In  this  case  the  witness 
plate  proved  to  be  partly  destroyed.  This  regime  is  a 
known  regime  of  low-velocity  detonation  of  explo- 
sives in  the  moderate  confinement  which  are  initiated 
by  a weak  shock.  It  is  interesting  that  as  T0  decreases 
the  limits  of  the  existence  of  this  regime  somewhat 
extend,  i.e.  its  limiting  velocity  and  pressure  in  the 
leading  compression  wave  increase.  Probably,  it  is 
connected  with  the  decease  in  shock  temperature  be- 
hind the  front  of  the  leading  compression  wave  and, 
respectively,  with  the  slower  reaction  rate  of  the  par- 
tial decomposition  of  explosive. 


PHENOMENOLOGICAL  THEORY  OF 
Pj  DEPENDENCE  ON  T0 

Since  detonation  depends  on  many  parameters  of 
explosive  and  initiating  pulse  characteristics,  detona- 
tion limits  should  be  thought  as  a hypersurface  in  a 
many -dimensional  space  of  these  variables  (17).  Then 
different  two-dimensional  sections  of  this  surface 
would  give  the  dependence  of  detonation  limits  on 
one  parameter,  for  example,  critical  diameter  vs  ini- 
tial density  or  initiation  threshold  vs  initiating  pulse 
duration.  Further  we  will  consider  this  effect  with- 
out taking  into  account  the  lateral  rarefaction  and  for 
the  rectangular  initiating  pulse  with  the  amplitude  Pt 
and  duration  r.  For  the  purposes  of  this  work  it  is 
enough  to  consider  the  three-dimensional  section 
(P,  t,  T0)  of  the  initiation  hypersurface  under  the  as- 
sumption that  all  other  parameters  of  explosive  are 
little  changed,  though  it  might  be  not  quiet  so. 

The  section  of  hypersurface  (P,  r,  T0)  by  the  plane 
T0  * const  gives  the  functional  relationship  E- 
*E'(Pi»  r)  which  represents  a curve  on  the  plane  (P,  r) 
dividing  the  initiation  region  and  the  failure  one.  In 
the  general  case  E'  is  a function  of  T0  (Table  2).  The 
existence  of  a similar  relationship  is  shown  in  (9),  and 
the  retaining  value  is  called  the  critical  energy  for 
shock  initiation  and  used  to  describe  the  observed  de- 
pendence of  Pj  on  r.  As  an  analytical  expression  for 
E'  the  following  one  is  used 

E,=Pjur  (1) 

It  is  not  difficult  to  understand  the  physical  sense  of 
Ej  if  to  rewrite  Eq.  1 as  follows 

Ej=p0Ur*u2  (2) 

Here  paUr  is  the  mass  of  shocked  matter  per  unit 
area,  u*  is  the  total  energy  per  unit  mass,  including 
kinetic  energy  of  matter  and  both  thermal  and  poten- 
tial components  of  internal  energy.  Thus,  Ej  repre- 
sents the  total  energy  per  unit  area  which  is  stored  in 
the  shock  wave  in  explosive. 

Such  a determination  of  E'  seems  to  be  not  quiet 
correct.  It  is  associated  with  the  fact  that  the  action 
of  high  statical  pressures  in  the  order  of  SO  100 
kbar  does  not  result  by  itself  in  explosive  initiation. 
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Therefore  it  is  logical  to  eliminate  the  potential  com- 
ponent of  internal  energy  from  consideration,  be- 
cause it  does  not  effect  immediately  on  the  forma- 
tion of  the  initiation  centers.  Then  in  Eq.  2 only  a 
portion  of  energy  of  unit  mass  of  explosive,  condi- 
tioned by  the  dynamical  nature  of  shock  compres- 
sion, should  be  used  instead  of  u2 

E'(To)  = p0Ur-|u2,  (3) 

where 

k - 1 + 2Eth/u2 

Similar  re-determination  of  the  critical  energy  for 
shock  initiation  does  not  contradict  to  the  conclu- 
sions based  on  the  previous  determination  (9  - 1 1 ) if 
Ej  is  interpreted  to  be  2E’/k.  Just  the  value  of  E’ 
from  Eq.  3,  however,  should  be  considered  as  con- 
stant at  given  T0,  characterizing  the  shock  sensitivity 
of  explosive.  Exactly  this  magnitude  depends  only 
on  T0,  while  Ej  from  Eq.  2 must  in  principle  depend 
on  initiation  pressure.  This  is  connected  with  the  fact 
that  the  shock  wave  in  explosive  represents  the  reac- 
tive wave.  Therefore,  the  thermal  component  Eth 
used  in  determining  k (Eq.  3)  must  incorporate  the 
energy  formed  at  the  partial  decomposition  of  explo- 
sive. This  process  is  conditioned  by  the  explosive  sen- 
sitivity and  the  initiating  pressure  magnitude.  In  so 
doing,  in  the  general  case  k is  a function  of  Pj . The 
correct  calculation  of  k (Pj)  is  possible  when  consider- 
ing the  shock  propagation  through  the  reactive  me- 
dium with  the  given  equation  of  state  and  the  given 
law  of  energy  output  behind  the  shock  front.  In  the 
general  case  it  is  difficult  to  make  such  a calculation. 

But  one  can  consider  two  limiting  cases  the  differ- 
ence between  which  is  connected  with  the  character 
of  the  shock-to-detonation  transition  at  shock  initia- 
tion of  explosives  ( 1 9).  The  first  one  is  peculiar  to 
homogeneous  and  little  sensitivity  explosives,  for  ex- 
ample, liquid  or  cast  clear  explosives,  and  also  to  Pj 
much  less  than  the  detonation  pressure.  In  this  case 
the  steady  shock  velocity  changes  abruptly  into  the 
steady  detonation  velocity,  and  the  shock  is  only 
slightly  reacting  one,  that  is,  in  the  limit  unreactive 
wave.  Therefore, 

Eth«u2/2  and  k=  1 (4) 

The  second  case  is  realized  when  initiating  more  sensi- 
tivity explosives,  for  example,  pressed  explosives,  and 


at  a great  amplitude  of  initiating  pulse,  in  this  case 
the  shock-to-detonation  transition  occurs  to  be 
smooth,  and  the  shock  is  strong  reactive  wave.  In  so 
doing 

Eth  ~ u2/2  and  k « 2 (5) 

So  the  exact  k (Pj)  function  can  be  substituted  by  its 
estimate  according  to  Eqs.  4 and  5. 

The  proposed  improvement  of  the  determination 
of  critical  energy  lor  shock  initiation  explains  the  ex- 
perimental fact  of  the  decrease  in  Ej  approximately 
by  a factor  of  2 as  P;  increases  which  was  discovered 
for  liquid  and  cast  explosives  (1 1).  The  author  of 
paper  (11)  also  explained  the  decrease  in  Ej  by  par- 
tial decomposition  of  explosive  behind  the  front  of 
the  strong  shock,  but  there  was  no  explanation  of  the 
quantitative  change.  In  our  interpretation  there  oc- 
curs the  transition  from  k - 1 to  k - 2 with  increas- 
ing the  initiating  pulse  amplitude.  As  E'  = const,  then 
Ej  * 2E'/k  must  decrease  approximately  by  a factor 
of  2.  The  character  of  the  decrease  in  Ej  which  is 
sharp  for  liquid  explosive  and  more  smooth  for  cast 
one  is  simply  explained  by  the  physical  sense  of  k (Pj) 
function. 

Now  let  us  consider  the  section  of  hypersurface 
(P,  t,  T0)  by  the  plane  r = const.  The  resulted  rela- 
tionship E"  » E"  (Pj,  T0)  describes  the  change  in  the 
initiation  threshold  with  the  initial  temperature  of  ex- 
plosive at  the  fixed  initiating  pulse  duration.  Within 
the  framework  of  the  developing  energetic  approach 
to  a problem  of  explosive  initiation  the  following  ex- 
pression can  be  used  as  an  analytical  one  for  E" 

E»  = p0U(ku2/2  + E0)  (6) 

The  notion  introduced  by  Eq.  6 has  a sense  of  critical 
power  (per  unit  area)  for  shock  initiation  of  explo- 
sive. Here  E0  is  the  initial  thermal  energy  of  the  ex- 
plosive sample  determined  by  its  specific  heat  and  Ini- 
tial temperature.  E"  (t)  allows  to  predict  Pj  vs  T0  if 
the  pulse  duration  remains  constant.  In  this  case  it  is 
necessary  to  know  the  initial  densities  and  Hugoniots 
of  explosive  at  Tol  and  T02,  as  well  as  the  initiation 
threshold  at  one  of  the  temperatures,  for  example,  at 
T0  j (reference  point).  Having  written  the  explosive 
Hugoniot  in  the  form  of  U = A + Bu  it  is  not  difficult 
to  show  that  the  critical  particle  velocity  u2  at  To2  is 
determined  from  the  cubic  equation 


42 


u2 
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2Eo2 

k2 


U 


2A2  Pq1U1 
k2®2  .^o2A2 


(E01  + 


(7) 


For  the  positive  solution  of  this  equation  to  exist  it  is 
necessary  that  the  absolute  term  is  negative.  It  leads 
to  the  presence  of  the  maximum  initial  temperature 
Tm  at  which  the  absolute  term  of  Eq.  7 vanishes  and 
u2  = 0 provides  the  unique  physical  solution.  Thus, 
there  exists  Tm(r)  at  which  explosive  is  exploded  at 
nc  action  of  the  shock.  This  temperature  can  be  con- 
sidered as  an  analog  of  temperature  in  the  thermal  ex- 
plosion theory,  and  the  value  of  r as  the  induction 
time.  In  this  case  in  the  expression  for  Tm  by  the  co- 
efficient A2  should  be  meant  the  sound  velocity  cQ 
in  the  explosive  at  T0  = Tm 

PojUj  klUj/2  + Eol  E"(t) 

Tm(r) » = — 

Po2A2  cv  Pq2  cocv 

Here  cv  is  the  average  specific  heat  of  explosive  in  the 
temperature  range  from  zero  to  T^ . To  estimate  Tm 
let  us  use  the  data  for  TNT  at  29 1 K listed  in  Table  2. 
In  so  doing  it  is  necessary  to  assume  kj  = 2,  that  is, 
to  take  into  account  the  total  energy  per  unit  mass  in 
Eq.  3.  It  is  connected  with  the  fact  that  in  the  final 
stage  the  matter  is  not  compressed  and  potential  com- 
ponent of  internal  energy  equals  zero.  Therefore,  the 
total  energy  of  the  shock  in  state  1 converts  to  the 
thermal  energy  in  state  2.  Assuming  po2  = 1 .47  g/cc, 
c0  = 1 .37  km/sec,  what  corresponds  to  the  similar 
parameters  for  liquid  TNT  (15),  we’ll  obtain  Tm  = 
1065°K.  The  corresponding  induction  time  calcu- 
lated from  TET  using  kinetic  and  thermal  constants 
from  paper  (4)  is  about  1 4-  2 /'sec.  This  value  is  close 
to  the  equivalent  pulse  duration  of  the  test  used 
which  is  analogous  to  the  known  NOL  large  scale  gap 
test  for  which  the  estimate  r — 1 .6  psec  is  available 
(9,10).  Thus  in  this  case  the  inteipretation  of  the 
value  of  r as  an  induction  time  of  the  thermal  explo- 
sion really  is  made  possible.  This  is  likely  to  be  conse- 
quence of  the  fact  that  there  is  a connection  between 
the  presented  approach  to  a problem  of  explosive  ini- 
tiation and  the  thermal  explosion  theory. 

The  values  of  Pj  at  different  T0  for  some  explo- 
sives, for  which  the  experimental  data  exist,  obtained 
on  gap  tests  at  elevated  temperatures  (8)  and  reduced 
T0  in  this  paper  /ere  calculated  by  Eq.  7.  The  values 


of  Pj  at  normal  T0  are  taken  to  be  the  reference 
points.  It  was  assumed  that  at  the  change  in  T0  the 
equivalent  pulse  duration  remained  constant,  and  the 
equivalent  amplitude  of  the  initiating  shock  was  equal 
to  Pj.  If  the  Hugoniot  was  not  known  at  the  required 
T0  it  was  considered  to  coincide  with  the  determined 
one  at  normal  T0.  The  dependence  of  specific  heat 
cv  (T)  on  temperature  for  solid  explosives  was  ex- 
pressed with  the  help  of  one  of  the  simplest  modifica- 
tions of  Debay  theory,  in  which  one  Debay  tempera- 
ture dependent  only  upon  volume  was  used  (20).  In 
this  case  the  required  constants  were  determined 
from  the  condition  that  the  calculated  cv  would  coin- 
cide with  the  experimental  one  at  room  temperature 
and  zero  pressure.  For  all  explosives  cv  (291°K)  = 

1 .28  j/'g  • deg  was  assumed. 

The  calculated  and  experimental  values  for  Pj  are 
summarized  in  Table  2 for  cast  TNT  and  in  Table  3 
for  some  pressed  explosives  (3).  In  spite  of  the  fact 
that  the  equivalent  y/T changes  a little  as  the  barrier 
lenght  varies,  an  agreement  occurs  to  be  good.  The 
approximation  kj  = k2  = 2 was  used  for  pressed  pre- 
heated explosives,  and  the  approximation  kj  = k2  = 1 
was  used  for  cast  cooled  TNT  according  to  a physical 
sense  of  the  k function.  The  change  in  cv  weakly  af- 
fects the  calculated  results  for  Pj,  for  example,  at 
cv  (291°K)  = 1.47  j/g  • deg  the  calculated  Pj  for 
pressed  RDX  and  NONA  are  equal  to  7,9  kbar  and 
9.0  kbar,  respectively.  The  calculated  values  for 
PBX-9404  do  not  agree  with  the  experimental  ones  in 
the  gap  test  as  well  as  in  the  plane  wedge  test.  As  was 
noted  in  (3),  in  this  case  the  lateral  rarefaction  leads 
to  the  decrease  in  r and  to  the  increase  in  Pj  com- 
pared to  the  calculated  data. 

The  obtaining  of  correct  experimental  data  from 
the  Pj  dependence  on  T0  at  different  r,  for  example, 
by  the  foil  test,  is  of  interest.  Then  it  would  allow  to 
determine  the  E"  dependence  on  r and  to  make  the 
correction  of  the  calculated  values  of  Pj  on  the 
change  in  r.  Though  the  presented  theory,  strictly 
speaking,  is  applicable  to  rectangular  initiating  pulses, 
the  comparison  made  for  the  extended  pressure  pulse 
tests  (gap  test,  wedge  test)  shows  good  results.  It 
means  that  E”  weakly  changes  with  small  change  in  r. 

Above  the  restrictions  were  not  imposed  on  the 
magnitudes  of  Pj  and  r.  Therefore  one  can  use  the 
presented  notions  to  estimate  the  change  in  critical 
reaction  time  (rc)  at  dc.  In  this  case  Zeldovich- 
Newmann’s  model  is  suitable  according  to  which  the 
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TABLE  3 


Comparison  of  Experimental  and  Calculated  Initiation  Thresholds  for 
Some  Explosives  at  Elevated  T0 


Explosive  paiameters  at  T0  j = 293°K* 

V 

K 

p. 

1 i,exp. 
kbar 

P 

ri,calc. 

kbar 

Type 

— 

Pi 

kbar 

E"f 

j/cm2  psec 

PETN 

1.59 

9.1 

110 

383 

6.7 

6.3 

RDX 

1.64 

15.2 

165 

453 

7.8 

8.4 

NONA 

1.60 

19.5 

205 

523 

8.8 

9.9 

HNS 

1.57 

23.2 

243 

533 

13.2 

12.1 

HNS** 

1.57 

19.0 

200 

533 

9.0 

9.0 

PBX-9404 

1.84 

64.5 

734 

423 

64.5 

55.3 

PBX-9404** 

1.84 

15 

196 

423 

15 

7.1 

*Gap  test  (8) 

“Plane-wedge  shots  (8) 

fE"  is  calculated  from  experimental  data  at  298° K. 


one-dimensional  steady  detonation  wave  is  character- 
ized as  a shock  wave  in  the  unreacted  explosive  fol- 
lowed by  a reaction  zone.  In  so  doing  one  can  treat 
rc  and  Pc  as  proper  estimates  of  equivalent  duration 
and  amplitude  of  initiating  pulse,  respectively  (10). 
Then,  using  the  notion  of  E"(r)>  the  detonation  ve- 
locity (Dj,)  will  be  estimated  at  other  initial  tempera- 
ture T0  2 but  at  constant  r = tc  j , (k  j = k2  = 2) : 


2Vcl)-P0l  pc + E° * j = po2  Dc • 

. Cl  (8) 


DC2  „ 

(<T02+  02 


> • 


Further,  using  the  notion  of  E'(T0)  at  To2  we  will 
obtain 


E'(To2)'-2Po2D^cl 


°2 


(nT+i)1 


= P o2  Dc2 


* tc2 


D 


2 

c2 


(nc2  + D2 


(9) 


At  low  To2  about  20°K  the  value  of  Eo2  can  be  ne- 
glected (Table  2).  Then,  from  Eqs.  8 and  9 it  follows 
that 


Po  1 / nc2  + A2 fPclV  [,  + (ncl  + 02  Pol' 

\ncl  + V \Dc2/  L ®cl 


Po2  \ncl  + y 


rcl 


Assuming  ncJ  = nc2  = 4.5  and  using  the  data  of 
Tables  1 and  2 we  will  obtain  the  maximum  estimate 
(To2  — 0)  of  the  increase  in  rc: 


tc2  ~ 1*13  Tcl 

Measured  in  paper  (7)  and  calculated  in  this  work,  re- 
action times  are  similar  to  the  ideal  reaction  time. 
Therefore,  the  comparison  of  the  above  estimated 
and  measured  change  in  reaction  time  is  difficult  be- 
cause the  accurate  relationship  between  rc  and  r,  is 
unknown.  However,  the  estimate  shows  that  within 
the  bounds  of  the  hypotheses  used  we  should  not  ex- 
pect considerable  change  in  r[2  as  distinct  from  pre- 
dictions of  the  thermal  explosion  theory. 
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It  is  noted  that  there  is  one  more  interesting  conse- 
quence. As  is  shown  in  (10),  within  the  boundaries 
of  the  determination  accuracy  of  the  critical  initia- 
tion energy  it  is  constant  for  the  critical  detonation 
pulse  for  pressed  TNT  at  various  initial  densities  from 

0.8  to  1 .62  g/cc.  It  allows  to  determine  the  reaction 
time  vs  the  detonation  pressure  (P).  From  the  presen- 
tation of  E'  in  the  form  of  Eq.  9 it  follows  that 

rc  * E'(T0)  VPoK  +1)  Pc1  '5  ^ V^P« 1 15 

Generalizing  the  relation  to  the  values  of  rr  and  P at 
d > dc  and  taking  into  account  the  fact  that  the  det- 
onation pressure  is  proportional  to  the  square  of  p0  it 
is  easy  to  show  that 

T ^,,-1.25 

must  be  valid.  This  rr(P)  dependence  is  in  good 
agreement  with  the  experimental  data  for  TOT  with 
various  forms  and  initial  densities  (2,7),  and  explains 
in  a way  the  weak  Tr  dependence  on  P,  and,  conse- 
quently, on  the  shock  temperature. 

In  conclusion  it  should  be  noted  that  the  pre- 
sented theory  is  a phenomenological  one.  At  present 
we  can  not  explain  the  existence  of  such  values  as  E’ 
and  E"  and  to  calculate  them  in  independent  manner. 
Probably,  their  existence  is  associated  with  the  statis- 
tical character  of  the  accurate  theory  of  shock  initia- 
tion of  explosive.  Homogeneous  explosives  may  be 
considered  as  the  limiting  case  of  this  theory:  that  is, 
the  case  when  temperatures  of  all  hot  spots  arc  the 
same  and  equal  to  the  temperature  of  bulk  shock 
heating,  what  governs  the  applicability  of  the  thermal 
explosion  theory  to  them. 
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The  literature  on  shock  initiation  has  carefully  distinguished  between  the  behavior 
of  homogeneous  and  heterogeneous  explosives  with  regard  to  reaction  ignition, 
reaction  growth,  and  the  modes  of  wave  growth . In  this  paper  we  illustrate  the 
differences  in  shock  growth  modes  in  explosives  representative  of  these  two  classes, 
nitromethane  and  PBX-9404,  through  the  use  of  numerical  calculations  and  pre- 
viously reported  experimental  data,  We  then  correlate  the  observed  phenomena 
with  some  basic  properties  of  the  recently  introduced  concept  of  critical  accelera- 
tion X for  shock  front  growth,  which  is  proportional  to  the  reaction  rate,  and  a new 
concept  called  the  reaction  communication  distance,  which  is  defined  as  the  rath 
of  the  sound  speed  to  the  reacthn  rate.  This  distance,  which  varies  inversely  with 
X,  determines  whether  the  energy  released  during  the  decomposition  reaction 
becomes  distributed  throughout  the  shocked  material  or  remains  concentrated  near 
the  point  of  ignition.  Asa  result,  we  are  able  to  provide  an  explanation  for  such 
distinctly  different  growth  phenomena  as  superdetonathn  In  homogeneous  explo- 
sives and  the  strong  pressure  disturbance  and  growth  at  the  front  in  heterogeneous 
explosives. 


1.  INTRODUCTION 

Recent  experimental  developments  have  contri- 
buted significantly  to  the  understanding  of  wave 
evolution  during  the  shock  initiation  of  explosives  in 
planar  geometry.  Lagrangian  measurement  methods 
such  as  electromagnetic,  manganin,  and  quartz  gauges 
and  laser  velocity  interferometry  have  provided 
information  on  the  entire  shape  of  the  shock  pulse  as 
well  as  the  shock  trajectory  and  amplitude.  Conse- 
quently, the  data  obtained  are  more  complete  and 
more  suitable  for  correlation  with  analytical  predic- 
tions. 

At  the  present  time  there  is  considerable  interest 
in  the  application  of  wave  front  (or  singular  surface) 
analysis  to  extract  from  experimental  data  quantita- 


tive information  concerning  the  initiation  process. 
Using  this  type  of  analysis,  it  has  been  shown  by 
several  authors  that  the  particle  acceleration  (dtu)“ 
behind  the  shock  front  at  a given  time  determines 
whether  the  front  will  tend  to  grow  or  to  decay  in 
amplitude.  In  general,  there  exists  a critical  accelera- 
tion X at  which  the  shock  amplitude  will  remain 
steady;  if  (9tu)"  > X the  shock  front  will  grow  and  if 
(3tu)_  < X the  shock  will  decay.  The  quantity  X is 
determined  by  the  physical  properties  of  the  material 
and  by  the  reaction  kinetics  immediately  behind  the 
shock  front.  Thus,  kinetic  information  pertaining  to 
the  shocked  material  can  be  derived  from  data  indicat- 
ing the  critical  acceleration  and,  conversely,  critical 
acceleration  information  can  be  derived  from  reaction 
rate  laws.  Both  the  kinetics  and  the  critical  accelera- 
tion are  functions  of  the  shock  amplitude  and,  for 
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example,  for  elastic  materials  undergoing  exothermic 
chemical  reaction,  X < 0. 

Another  important  factor  in  the  initiation  of 
explosives  is  the  acoustic  communication  within  the 
shocked  material  which  controls  the  distribution 
within  the  wave  profile  of  the  pressure  generated  by 
the  reaction  as  the  wave  evolves.  This  effect  can  be 
made  precise  by  defining  the  reaction  communication 
distance  as  the  ratio  of  the  sound  speed  to  the  reac- 
tion rate  in  the  explosive.  It  is  interesting  to  note 
that  at  the  shock  front  this  parameter  is  inversely 
proportional  to  the  critical  acceleration 

Our  objective  in  this  paper  is  to  discuss  the  various 
modes  of  one-dimensional  shock  growth  duiing 
initiation  in  homogeneous  and  heterogeneous  explo- 
sives and  to  correlate  the  observed  phenomena  with 
some  basic  features  of  the  curves  representing  the 
critical  acceleration  and  the  reaction  communication 
distance  as  functions  of  pressure.  The  literature  on 
shock  initiation  has  distinguished  clearly  between  the 
behavior  of  homogeneous  and  heterogeneous  explo- 
sives with  regard  to  reaction  ignition,  reaction  growth, 
. and  the  modes  of  wave  development.  The  differences 
are  caused  by  the  fact  that  homogeneous  explosives 
react  due  to  bulk  shock-heating  while  heterogeneous 
explosives  react  due  to  the  formation  of  hot  spots. 

Here  we  confine  our  discussion  to  input  pulses  of 
infinite  duration  and  illustrate  the  effects  of  these 
differences  with  the  use  of  numerical  calculations  and 
previously  reported  experimental  data  for  two 
materials  representative  of  these  two  classes  of  explo- 
sives, nitromethane  and  PBX-9404,  respectively.  We 
then  consider  the  critical  acceleration  curve  for  each 
material  and  show  how  the  differences  in  ignition  and 
initiation  are  related  to  the  differences  in  the  shapes 
of  the  curves.  Furthermore,  by  comparing  the  reac- 
tion communication  distance  in  these  explosives  with 
the  propagation  distance  for  a given  input  shock,  we 
are  able  to  provide  an  explanation  for  such  distinctly 
different  growth  phenomena  as  superdetonation  in 
homogeneous  explosives  and  the  strong  pressure 
disturbance  and  growth  at  the  front  in  heterogeneous 
explosives. 

2.  THE  CRITERION  FOR  SHOCK 

FRONT  GROWTH 

In  a one  dimensional  context,  it  suffices  to  charac- 
terize explosive  materials  as  chemically  reacting, 


clastic  fluids  which  do  not  conduct  heat.  Such  fluids 
can  be  characterized  by  constitutive  equations  for  the 
Helmholtz  free  energy  \p  and  the  reaction  rate  to  (1): 

co  = i = to(M,$),  (1) 

where  v is  the  specific  volume,  0 > 0 is  the  absolute 
temperature,  and  £,  0 < £ < 1 , is  the  reaction  coordi- 
nate of  the  products.  Thus. 

\p{(v,  0)  = \p(v,  0 , 0),  cor (u,  0)  = co(u,  0 , 0) 

(2) 

specifies  the  frozen  response  of  the  unreactcd  fluid 
and 

\pv(v,0)  = 1), 

(3) 

C0p(u,  0)  - to(i >,0,  1)  = 0, 

specifies  the  response  of  the  reaction  products. 

The  second  law  of  thermodynamics  requires  that 
the  pressure  p be  given  by 

p = - dui//  (4) 

and  that  the  inequality 

(8^)10  < 0 (5) 

be  satisfied  for  all  (u,  0,  £),  We  further  define  the 
internal  energy  c by 

e = c(u,  0 , {)  = ^ - 0(dfl  4>)  (6) 

and  the  thermodynamic  derivatives 

E = -(9„P),  G = a0p,  cu  = d0S,  (7) 

E being  the  isothermal  pressure-volume  modulus,  G 
the  pressure-temperature  modulus,  and  c„  the  specific 
heat  at  constant  volume.  It  is  natural  to  assume 

E>0,  G > 0,  c„>0.  (8) 

In  view  of  eqs.  (7)2  and  (8)2,  we  see  that  p (u,  0,  £) 
is  invertible  and  thus  the  internal  energy  can  be 
written  as 

e = e(t>,  p,  £).  (9) 

The  quantity  Q,  defined  by 


48 


(1 7).  To  carry  this  out,  we  first  consider  the  frozen 
response  and  make  use  of  the  results  obtained  pre- 
viously by  Lysne  and  Hardesty  (7)  using  impact- 
loading techniques.  They  determined  the  frozen 
equation  of  state  up  to  10  GPa  and  subsequently 
extrapolated  it  to  over  20  GPa  (the  spike  point  at 
detonation  * 19.S  GPa).  In  this  study,  the  resulting 
thermodynamic  surfaces  were  fit  with  analytic  func- 
tions subject  to  thermodynamic  requirements  and  the 
requirement  that  they  match  the  calculated  frozen 
Hugoniot  pressure-temperature  and  volume-tempera- 
ture curves,  pH(0)  and  uH(0),  respectively.  Thus,  the 
frozen  pressure  and  energy  surfaces  were  expressed 
as 


WR,u(u  + X2)  (e  M 

(18) 


- ph(0)[uh(0)-uo) 


R,0oW 


lu  - t»H(0)] 


R2(R2  " X2) 
R2  -Xi 

Xi(Xi  -x2) 
R2-Xi 


in 


(R2+uh(0))' 


in 


(r2  + v)  J 
(Xi  + v) 


L(Xi  + «h(0)) 


(19) 


}■ 


where  Ri , R2,  W,  xi , and  x2  are  all  constants  given 
by 


Rl  * y(Qo  + Py>o/0c>  R2  15  a + (0vo/9o),  (20) 
W = 1 - 6/3,  (21) 

Xi  =a-u0,  X2  =(«r20o  + Xi)/W,  (22) 

and  7,  6 , a,  and  (3  are  the  constants  appearing  in  the 
Hugoniot  fits  (8): 


Ph(0)  = 7(1 +50X0 -fo). 

(23) 

o(0 -0O)' 

(24) 

The  experimental  kinetic  data  reported  for  nitro- 
methane  has  been  typically  expressed  in  terms  of  the 
ignition  time  r deduced  in  shock  wave  experiments 
and  the  estimated  shock  temperature  6~.  In  Pig.  1 , 
we  show  the  results  obtained  by  Hardesty  (9)  from 
interferometric  observation  of  plate  deceleration 
behind  reacting  nitromethane  and  the  results  obtained 
by  Walker  and  Wasley  (10)  from  streak  camera  and 
photographic  records.  In  particular,  the  data  points 
shown  indicate  the  actual  reported  values  of  the 
ignition  time  and  the  error  bars  show  the  range  of 
values  which  could  be  deduced  from  the  experimental 
observations.  There  are  several  ways  that  this  data 
can  be  represented.  However,  recognizing  that  streak 
camera  and  photographic  data  tend  to  be  late  in  time, 
we  choose  to  fit  the  data  with  a straight  line  biased  in 
favor  of  Hardesty’s  data  (the  solid  line  in  Fig.  1 ). 
Since,  during  the  time  of  ignition  there  is  little  change 
in  volume  and  essentially  no  formation  of  products 
({  = 0),  this  linear  fit  implies  that  thermal  ignition 
theory  holds  and  the  frozen  kinetics  are  of  the 
Arrhenius  type;  i.e., 


o>KM)  = Aexp  [-  “J,  (25) 

where  the  frequency  factor  A and  the  activation 
temperature  0„  are  related  to  the  ignition  time  r by 


Fig.  I . Thermal  ignition  times  r and  r for  a single 
reaction  and  two  parallel  reactions,  respectively,  as  a 
function  of  shock  temperature.  The  error  bars 
indicate  the  uncertainty  in  individual  data  points. 
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c^2  (eA 

TSeMexv{7l-  (26) 

The  heat  of  reaction  at  constant  volume  is  defined 
by 

Qu  = (27) 

and,  by  eq.  (10),  is  also  related  to  the  heat  of  reaction 
Q of  the  shock  process  through 


Rg  being  the  product  gas  constant,  b being  the 
product  covolume,  cg  the  gas  specific  heat,  and  t p the 
temperature  at  which  the  product  gases  have  zero 
internal  energy.  These  constants  were  chosen  to 
match  the  C-i  conditions  of  pressure,  temperature, 
volume,  and  specific  heat  calculated  using  the  thermo- 
chemical equilibrium  code  TIGER  (1 1).  With  these 
results  we  can  now  calculate  Q and  Q„.  In  particular, 
using  eqs.  (27),  (28),  and  (30),  we  have 

Qu  = {eP(u,  0)  - efO>,  0)} » 


h 

! 

4 


t 


Q = - 


vocv 


(3tp)  + Q«. 


(28) 


Q = 


(Pp(i>,  0)  - Pf  (u,  0)) 


(32) 


It  should  be  evident  at  this  point  that  we  need  only 
evaluate  the  heats  of  reaction  Q and  Qv  in  order  to 
evaluate  the  kinetic  parameters  0a  and  A and  to  com- 
pute X as  a function  of  shock  compression. 

The  quantities  Q and  Q„  can  be  determined  by 
prescribing  the  mixing  rule  by  which  the  unreacted 
nitromethane  goes  over  to  products  and  the  constitu- 
tive equations  for  the  products.  Here  we  shall  employ 
a linear  mixing  rule  such  that  the  free  energy  ^ and 
the  reaction  kinetics  co  are  of  the  form 

l -t)  + *P(u>W> 

(29) 

w(u,0,$)=wf(u,0Xl  -t)  + 0Jp (u,0)£. 

Note  that  these  are  first-order  kinetics.  Then  it  is  not 
difficult  to  show  from  eq.  (4)  and  eq.  (6)  that 

p(M,S)  = pf(M)(l-*)  + Pp(u,0)S, 

(30) 

e(M,$)  = ef(u,0)(l  -$)  + ep(u,0)|. 

The  products  will  be  assumed  to  be  in  thermo- 
chemical equilibrium  and  to  satisfy  Abel’s  equation  of 
state  in  which  case 

cop(u,0)  = O, 

pp(M)  = fr;’  (31) 

ep(u,0)  =cg(0  -<*>), 


+ (ep(w,  0)-ef(M))j. 

Then  eq.  (32)i , along  with  eq.  (26)  and  Fig.  1 , yields 
a frequency  factor  A of  6.9  X 104//is  and  an  activa- 
tion temperature  0a  of  14400  K.  We  now  have  all 
the  data  required.  It  is  interesting  to  note  that  over 
the  range  of  Hugoniot  temperatures  shown  in  Fig.  1 , 
the  magnitude  of  Qu  is  nearly  constant  and  equal  to 
1.4  keal/g  which  agrees  favorably  with  previously 
reported  values  (12).  The  activation  temperature  0a 
of  1 4400  K corresponds  to  an  activation  energy  of 
« 29  kcal/mole  which  agrees  well  with  the  value  of 
31  kcal / mole  deduced  by  Hardesty  (9)  from  the 
data  of  Berke,  et  al.  (13). 

The  critical  acceleration  X was  computed  as  a 
function  of  particle  velocity  amplitude  u~  using 
these  values  and  the  results  are  shown  in  Fig.  2 as  the 
solid  curve.  Also  shown  in  Fig.  2 is  the  maximum 
value  of  X at  detonation,  as  estimated  from  the 
detonation  properties  and  some  experimental  infor- 
mation due  to  Hayes  (14).  At  detonation,  the  shock 
is  steady  and  by  eq.  (13),  X = (9tu)-.  Thus,  the 
maximum  value  of  X can  be  estimated  by 


u.  ' UCJ 


(33) 


where  u7  is  the  spike  amplitude,  ucj  is  the  particle 
velocity  at  the  C-J  point,  and  tr  is  the  time  duration 
of  the  reaction.  For  uj  = 2.78  km/s,  u^j  = 1.74  km/s, 
tr  < 0.001 5 ms,  eq.  (33)  yields  X < - 690  X 106 
km/s2.  The  large  discrepancy  between  this  estimated 
value  of  X and  the  solid  curve  strongly  suggests  that  a 
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value  of  the  activation  temperature  in  the  second 
term  of  eq.  (34),  i.e.,  0*  =>  29700  K.  Their  estimate 
for  A*  wr  3.98  X 10 9 /its.  The  dashed  line  shown  in 
Figs.  1 and  2 was  calculated  using  A*  = 1 X 1010//is. 

This  choice  for  A*  was  not  entirely  arbitrary-  It 
provided  a value  of  X43  which  was  consistent  with 
Hayes'  datum  point  and  gave  us  good  agreement  with 
the  apparent  time  of  reaction  completion  from 
Hardesty’s  data  (see  Section  4).  We  also  found  that 
the  addition  of  the  parallel  reaction  did  not  greatly 
reduce  the  values  of  ignition  time  predicted  by 
thermal  explosion  theory  in  the  range  of  the  experi- 
mental data.  The  dashed  curve  in  Fig.  1 was  calcu- 
lated using  ignition  times,  r,  for  the  two  parallel 
reactions  of  eq.  (34)  obtained  from  the  relation  (cf. 
ref.  (16)) 


TT* 

t + a r* 


F 


2a  - 1 
a - 1 


a r* 

T + ar* 


)• 


(35) 


where  r is  given  by  eq.  (26), 


Cyf°2 

0>Xfl 


(36) 


Mg.  2.  Critical  acceleration  for  steady  wave  propaga- 
tion as  a function  of  shock  amplitude  u~  for  nitro- 
methane  and  PBX-9404.  The  right  end  of  each  curve 
represents  the  detonation  spike  point.  At  the  left  end 
of  the  PBX-9404  curve,  X slightly  exceeds  zero. 


a*0X-  (37> 

and  F(*,  •;  •;  •)  is  the  hypergeometric  function.  This 
function  is  evaluated  in  terms  of  a convergent  infinite 
series  of  its  fourth  argument. 


reaction  with  a higher  activation  temperature  domi- 
nates the  kinetics  near  detonation.  In  complex 
reactions  occurring  by  a free-radical  mechanism 
involving  several  elementary  reactions,  the  overall 
reaction  rate  may  be  controlled  principally  by  one 
reaction  step  at  low  temperatures  and  by  another 
step,  with  a higher  activation  temperature,  at  higher 
temperatures.  We  suggest  that  the  decomposition  of 
nitromethane  is  such  a reaction.  Accordingly,  we 
replaced  eq.  (25)  by  a kinetic  expression  for  two 
parallel  Arrhenius  reactions, 

«f(u,  d)  ■ A exp(-  6 JO)  + A*  exp(-  0J0).  (34) 

Nitromethane  decomposition  kinetics  with  a high 
activation  temperature  have  been  suggested  by 
Benson  and  O'Neal  (1 5),  and  we  have  used  their 


PBX-9404 

Kennedy  and  Nunziato  (6)  have  previously 
determined  the  critical  acceleration  X for  PBX-9404 
by  using  eq.  (13)  along  with  data  from  experimental 
measurements  of  shock  wave  evolution.  Typical 
transmitted  wave  profiles  observed  using  laser  velocity 
interferometry  are  shown  in  Fig.  3 and  from  these 
data  du~/dt  and  (dtu)~  were  determined  for  each 
amplitude  u~.  Combining  this  information  With  the 
known  frozen  properties  of  PBX-9404  resulted  in  the 
curve  also  shown  in  Fig.  2.  Notice  that  X is  slightly 
greater  than  zero  (Q~u>~  > 0,  endothermic  behavior) 
when  0.5  km/s  < u"  < 0.6  km/s,  which  was  the  lower 
amplitude  range  of  the  experiments  reported.  This  is 
interpreted  to  mean  that  mechanical  dissipation, 
which  yields  behavior  similar  to  an  endothermic 
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Q=  9£e  = 


(10) 


and 


(17) 


Cj, 

.G 


OtP)-Ote) 


is  called  the  heat  of  reaction;  the  reaction  is  said  to  be 
exothermic  if  the  net  heat  release  Qto  < 0,  endother- 
mic if  Qco  > 0 (2,3). 


Here,  a shock  front  is  considered  to  be  a propagat- 
ing singular  surface  (4)  across  which  the  motion  and 
the  reaction  coordinate  £ are  continuous  but  the 
particle  velocity  u,  the  specific  volume  u and  the 
temperature  6 and  their  derivatives  suffer  jump  dis- 
continuities. Assuming  that  the  shock  is  compressive 
and  propagating  into  fluid  material  essentially  at 
thermochemical  equilibrium  at  the  frozen  state 
(£  = 0)  with  specific  volume  uc , we  can  use  eq.  (9) 
and  the  familiar  Hugoniot  relation  to  define  the 
frozen  Hugoniot  pressure-volume  curve 


P"  = PH(y“)  (11) 


where  ( )~  denotes  evaluation  immediately  behind 
the  front.  Then  the  material  shock  velocity  is  given 
by 


PH(y~)-PH(yo) 
■ «r-yo 


1 


(12) 


and  the  evolution  of  the  particle  velocity  amplitude 
u~  is  governed  by  the  differential  equation  (5,6) 


du~ 

dt 


“(1-/0 


(13) 


u0UG-Q~cj' 

” c-(l  - MXC-)2 

is  called  the  critical  acceleration.  Since  the  shock 
velocity  is  always  subsonic  with  respect  to  the  fluid 
behind  the  front  (2,3),  ;u  < 1 , and  thus  it  is  evident 
from  eq.  (13)  that  the  shock  front  can  grow  only  if 
(9tu)“  > X.  Notice  from  eq.  (17)  that  X is  directly 
proportional  to  the  net  heat  release  rate  Q~oT  at  the 
shock  front. 

The  fact  that  the  critical  acceleration  X governs 
growth  of  the  shock  front  indicates  that  it  is  an 
important  quantity  to  evaluate  in  order  to  understand 
and  quantify  initiation  behavior  of  explosives. 
Furthermore,  it  is  evident  from  eqs.  (1 3)  and  (17) 
that  there  are  two  methods  by  which  we  can  evaluate 
X as  a function  of  the  particle  velocity  amplitude.  On 
one  hand,  we  can  make  observations  of  a growing  (or 
decaying)  shock  front,  corresponding  to  a given 
initial  condition,  to  determine  du“/dt  and  (9tu)-  for 
various  values  of  u“.  This  data,  along  with  the  known 
frozen  properties  of  the  material,  can  then  be  used 
with  eq.  (13)  to  determine  X(u"),  Since  X is  propor- 
tional to  o>~  through  eq.  (1 7),  this  approach  is 
particularly  useful  in  that  it  provides  a means  of 
evaluating  the  frozen  kinetic,  i.e.,  or  = cjf(if , O'), 
of  the  explosive  from  shock  wave  experiments.  Al- 
ternatively, if  the  frozen  properties  and  the  reaction 
kinetics  are  known,  then  X(u~)  can  be  computed 
directly  from  eq.  (17). 


where  (9tu)_  is  the  particle  acceleration  immediately  3.  THE  CRITICAL  ACCELERATION  FOR 
behind  the  front,  NITROMETHANE  AND  PBX-9404 


M = 


U2 

(C-)2  ’ 


(14) 


E“  + 


<T(G-)2 


1/2 


(15) 


is  the  sound  speed  immediately  behind  the  shock 
front, 


U2 

«oPhOO 


06) 


We  consider  nitromethane  (NM)  and  PBX-9404  to 
be  typical  examples  of  homogeneous  and  heterogene- 
ous explosives,  respectively,  and  thus  we  shall  con- 
sider them  in  some  detail  in  order  to  illustrate  our 
ideas  with  regard  to  shock  growth  modes. 


Nitromethane 

In  the  case  of  nitromethane,  there  exists  sufficient 
data  to  characterize  the  frozen  response  and  the 
reaction  kinetics  of  the  material  and  thus  we  shall 
evaluate  the  critical  acceleration  X directly  from  eq. 
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Fig.  3.  Particle  velocity  histories  observed  in  a 
window  material  behind  a shock-loaded  PBX-9404 
sample  of  thickness  6.  The  input  pulse  duration  was 
1.1  ps  (6). 


reaction,  is  the  dominant  effect  at  low  shock  ampli- 
tudes. It  is  important  to  remember  that  the  critical 
acceleration  X only  reflects  the  net  effect  (6),  that  is, 


X = Xchem  + Xmech* 


Thus,  since  the  individual  contribution  of  Xchem  to  X 
cannot  be  determined,  it  would  be  inappropriate  at 
this  time  to  advance  a kinetic  model  describing  the 
chemical  reaction  of  shocked  PBX-9404. 


4.  SHOCK  GROWTH  MODES 

The  critical  acceleration  curves  shown  in  Fig.  2 for 
nitromethane  (NM)  and  PBX-9404  are  quite  different 
in  shape.  We  believe  that  these  differences  are 
representative  of  the  observed  differences  in  reaction 
ignition,  reaction  growth,  and  shock  wave  growth 
during  initiation  in  homogeneous  and  heterogeneous 
explosives,  respectively.  To  correlate  these  ideas,  we 
will  coniine  our  discussion  to  the  problem  of  shock 
growth  when  the  boundary  has  constant  support  and 
the  boundary  pressure  is  less  than,  or  equal  to,  the 
C-J  pressure  of  the  explosive.  This  amounts  to  a 
square  input  pulse,  infinite  in  duration.  In  this  case, 
(dtu)~  = 0 at  least  initially  and  thus  it  follows  from 
eq.  (13)  that 


Clearly,  then,  the  initial  growth  of  the  wave  will  be 
proportional  to  the  critical  acceleration,  X. 


Nitromethane 

The  critical  acceleration  curve  for  nitromethane 
corresponding  to  two  parallel  reactions  shows  two 
distinct  regions;  for  u“  < 2.1  km/s  (p_  < 1 2 GPa),  X 
is  very  small  in  magnitude  and  changes  only  slightly 
with  the  shock  amplitude  u",  and  for  u“  > 2.1  km/s 
(p"  > 12  GPa)  X becomes  large  in  magnitude  and 
changes  rapidly  with  the  shock  amplitude  u".  Since 
the  C-J  pressure  for  nitromethane  is  approximately 
12.2  GPa,  it  is  expected  that  long-duration  shock 
pulses  with  input  pressures  less  thari  the  C-J  pressure 
will  grow  very  slowly  at  the  front.  This  is  precisely 
what  is  observed  experimentally  until  the  particle 
acceleration  (dtu)~  behind  the  front  is  altered  due  to 
the  occurrence  of  thermal  ignition  at  some  point  in 
the  flow  field.  Just  where  this  thermal  ignition 
occurs,  however,  has  been  the  subject  of  considerable 
discussion.  Walker  and  Waslcy  (10)  and  Hardesty  (9) 
have  observed  thermal  ignition  at  pressures  in  this 
low-amplitude  range  and  their  observations  appear  to 
differ  from  one  another.  Walker  and  Wasley  per- 
formed experiments  with  an  initial  pressure  of  » 6 
GPa  and  concluded  that  the  thermal  ignition  occurred 
at  some  distance  from  the  boundary.  It  was  difficult 
to  tell  from  their  observations  whether  superdetona- 
tion occurred,  although  their  streak  camera  results 
suggest  it  did.  In  Hardesty’s  study,  plate-impact 
experiments  were  performed  in  the  pressure  range  of 
7. 5-9. 5 GPa.  By  observing  the  deceleration  of  a 
copper  plate  behind  the  reaction  and  measuring  the 
wave  velocity  in  the  nitromethane,  he  concluded  that 
there  was  thermal  ignition  at  the  boundary  which 
subsequently  led  to  superdetonation.  To  see  whether 
these  various  observations  are  consistent  with  the 
model  for  nitromethane  developed  in  the  previous 
sections,  we  have  carried  out  numerical  calculations 
using  the  one-dimensional  Lagrangian  wave-propaga- 
tion code  WONDY IV  (17). 

This  code  solves  the  finite-difference  analogs  of 
the  one-dimensional  field  equations  of  mass  and 
momentum  and  employs  an  artificial  viscosity  method 
to  treat  shock  discontinuities.  The  model,  i.e.,  eqs. 
(18),  (19),  (29)2,  (30)  and  (31),  was  introduced  into 
the  code  as  a special  subroutine  and  an  Adams 
method,  differential  equation  integrator  was  coupled 
to  WONDY  to  integrate  the  kinetic  law  (e.g.,  eqs. 
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(29)2,  (31  )i , and  (34))  and  the  energy  equation  dur- 
ing each  WONDY  time  step  (18).  This  time  step  At 
was  taken  to  be 


At  = min 


Ml 

« J 


where  AX  is  the  mesh  size  and  A£  is  the  maximum 
change  in  the  reaction  coordinate  permitted  during 
each  time  cycle  (19), 


The  numerical  results  we  shall  report  here  concern 
waves  generated  in  a plate-impact  configuration 
similar  to  that  employed  in  Hardesty’s  experiments. 
This  configuration  is  shown  in  Fig.  4 and  involves  the 
symmetric  impact  of  copper  on  copper  with  the  wave 
subsequently  transmitted  into  the  nitromethane.  The 
copper  flyer  was  sufficiently  thick  to  ensure  that  the 
input  pulse  could  be  considered  infinite  in  duration. 

It  is  appropriate  at  this  point  to  first  show  some 
comparison  of  code  results  with  Hardesty’s  observa- 
tions. Recall  that  in  his  experiments,  he  monitored 
the  motion  of  the  Cu/NM  interface  (cf.  Fig.  4).  In 
Figs.  5 and  6 we  show  his  experimental  traces  of  the 
particle  velocity  history  at  the  Cu/NM  interface  for 
shots  N4  (p"  * 7.5  GPa,  0"  = 934  K)  and  N8  (p-  * 

9.2  GPa,  0"  = 1 101  K).  Hardesty  attributed  the 
observed  deceleration  to  thermal  ignition  at  the 
Cu/NM  interface  and  the  lower  level  of  particle 
velocity  to  the  boundary  condition  corresponding  to 
superdetonation.  At  some  later  time,  after  the  super- 
detonation wave  overtook  the  shock  front,  the 
particle  velocity  should  increase  slightly  to  match  the 
boundary  condition  for  steady  detonation.  The  igni- 
tion time  r was  taken  as  the  time  after  arrival  at 
which  deceleration  began. 


Fig.  4.  Schematic  of  the  experimental  configuration 
employed  by  Hardesty  (9)  to  study  shock  initiation 
of  nitromethane  (NM). 


Also  shown  in  Figs.  5 and  6 are  the  results 
obiained  using  WONDY  IV.  While  the  comparison  of 
the  numerical  results  with  the  experimental  observa- 
tions would  not  appear  to  be  as  good  as  one  might 
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big.  5.  Comparison  of  computed  particle  velocity 
history  at  the  Cu/NM  interface  with  Hardesty ‘s 
experimental  observation  (9)  in  shot  N4,  where  p~  = 
7.5  GPa  and  0~  * 934  K.  Velocity  levels  SD  and  D 
refer  to  boundary  conditions  behind  superdetonation 
and  detonation,  respectively,  independently 
calculated  using  TIGER  (11). 


Fig.  6.  Comparison  of  computed  particle  velocity 
history  at  the  Cu/NM  interface  with  Hardesty 's 
experimental  observation  (9)  in  shot  N8,  where  p~  * 
9.2  GPa  and  0“  * 1101  K.  Velocity  levels  SD  and  D 
refer  to  boundary  conditions  behind  superdetonation 
and  detonation,  respectively,  independently  calcu- 
lated, using  TIGER  (11). 
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like,  the  comparison  must  be  considered  carefully. 
There  is  some  interesting  agreement  in  timing.  In 
particular,  the  time  r at  which  the  initial  deceleration 
occurs  and  the  time  at  which  the  minimum  particle 
velocity  is  achieved  (i.e.,  the  time  at  which  the 
reaction  goes  to  completion  at  the  interface)  agree 
well  with  the  observations.  In  addition,  the  levels  of 
interface  velocity  achieved  behind  the  superdetona- 
tion  and  steady  detonation  waves  in  WONDY  calcula- 
tions arc  in  excellent  agreement  with  the  levels  we 
have  calculated  with  the  use  of  the  TIGER  code  (11). 
These  levels  are  identified  as  SD  and  D,  respectively, 
in  Figs.  4 and  5.  We  believe  that  the  apparent  discrep- 
ancies in  the  magnitude  of  the  deceleration  between 
the  calculated  wave  profiles  and  those  which  are 
observed  are  the  result  of  distortion  due  to  index-of- 
refraction  and  velocity  dispersion  effects  (20).  It 
should  be  recalled  that  the  laser  beam  of  the  inter- 
ferometer passes  through  the  reaction  products  as 
well  as  the  nitromethane  as  the  wave  propagates  and 
initiates  the  reaction.  Thus  any  reflectivity  of  the 
products  or  changes  in  the  index  of  refraction  of  the 
reactant-product  mixture  must  be  taken  into  account 
in  reducing  the  data.  Hardesty  presumed  that  the 
products  were  gases  which  exhibited  Gladstone-Dale 
behavior;  however,  the  calculations  suggest  they  did 
not. 

The  numerical  results  shown  in  Figs.  5 and  6 give 
some  indication  of  the  principal  growth  mode  in 
nitromethane,  that  is,  they  show  the  effect  of  super- 
detonation on  the  motion  of  the  loaded  interface,  To 
explore  this  phenomenon  in  more  detail,  we  carried 
out  numerical  calculations  for  input  pulses  of  » 6,  9, 
and  1 2 GPa.  The  results  shown  in  Fig.  7 for  6 GPa 
were  fairly  typical.  Here  we  sec  the  particle  velocity 
histories  one  would  observe  in  nitromethane  at 
propagation  distances  6 ranging  from  6 = 0 to  6U0F, 
where  U0  is  the  initial  value  of  the  shock  velocity. 
Consistent  with  our  earlier  remarks,  we  see  very  little 
growth  at  the  front  until  thermal  ignition  and,  in 
fact,  the  growth  is  slow  even  until  the  time  when  the 
thermal  explosion  is  complete.  In  all  our  calculations 
involving  constant  support  at  the  boundary,  we 
found  that  the  thermal  explosion  occurs  at  the  loaded 
interface  (5  = 0)  at  3.25  r ± 0.1  r.  We  note  a related 
point  in  Hardesty’s  data  (9),  i.e.  his  earliest  indication 
of  light  emission  occurs  at  * 2.5  r. 

When  thermal  explosion  has  occurred,  super- 
detonation begins  to  build  up  and  overtake  the  front. 
The  buildup  appears  to  continue  until  the  super- 


detonation reaches  the  shock  front.  It  is  to  be 
expected  that  the  superdetonation  will  be  unsteady 
because  it  is  propagating  into  a region  which  is  non- 
uniform  with  respect  to  reactant  depletion,  compres- 
sion and  compressibility,  and  this  unsteadiness  is 
evident  in  the  calculations  (cf.  Fig.  7).  After  the 
superdetonation  breaks  through  the  front,  the  shock 
amplitude  u"  relaxes  back  to  the  spike  point  of  2.78 
km/s.  This  relaxation  process  is  again  governed  by 
the  shock  amplitude  eq.  (13)  and  the  critical  accelera- 
tion X.  Unfortunately,  we  cannot  check  the  con- 
sistency of  tliis  type  of  analysis  with  the  relaxation 
observed  in  the  code  results  since  our  computations 
tended  to  step  over  the  spike  and  thus  the  spike 
amplitude  is  not  determined  in  these  calculations. 

This  overstepping  is  due  to  the  thinness  of  the  spike 
and  the  lack  of  sufficient  resolution  (small  enough 
meshing)  in  our  computations. 

The  results  in  Fig.  7 for  a 6 GPa  input  pulse  differ 
somewhat  from  Walker  and  Wasley’s  observations 
(10)  in  that  we  see  thermal  explosion  at  the  wall.  We 
have  concluded  that  this  location  of  thermal  explo- 
sion is  due  to  the  fact  that  in  the  calculations  we 
maintained  constant  support  at  the  loaded  interface. 
Clearly,  in  the  case  of  unsupported  waves,  such  as 
triangular  pulses,  we  could  expect  thermal  explosion 
to  occur  at  positions  removed  from  the  interface. 
Since  the  input  wave  In  Walker  and  Wasley’s  experi- 
ments was  not  completely  supported,  this  may  pro- 
vide the  explanation  for  their  observations. 

Having  exhibited  the  growth  modes  in  nitro- 
methanc,  let  us  now  return  to  the  critical  acceleration 


Fig.  7.  Computed  particle  velocity  histories  during 
shock  wave  growth  in  NM  following  a 6-GPa  input 
shock.  Both  the  time  scale  and  the  observation  sta- 
tions are  normalized  in  terms  of  the  thermal  ignition 
timer. 
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curve  (Fig.  2)  and  draw  some  conclusions,  As  we 
have  already  seen,  the  X-curve  tells  us  about  the 
growth  at  the  shock  front  when  (9tu)'  = 0 through 
eq,  (38).  When  the  input  shock  amplitude  is  low  so 
that  it  corresponds  to  the  flat  portion  of  the  X-curve, 
then  the  shock  develops  nearly  as  a growing  square 
wave  (cf.  Fig  7).  In  this  region,  the  reaction  pro- 
ceeds so  slowly  behind  the  shock  front  that  the 
implicit  assumption  of  thermal  ignition  theory  (i.e„ 
essentially  no  reaction  until  the  ignition  time  f is 
reached)  is  nearly  satisfied.  In  fact,  our  calculations 
show  that  the  extent  of  reaction  at  the  loaded  inter- 
face is  2-4%  by  the  time  f and  perhaps  1 5%  at  3.25  t, 
shortly  before  the  thermal  explosion  is  completed 
and  superdetonation  occurs. 

However,  it  is  equally  important  to  point  out  that 
there  is  another  way  to  look  at  the  X-curve  which 
provides  some  information  about  the  flow  field 
behind  the  front  and  indicates  the  presence  of  super- 
detonation. To  do  this,  we  must  keep  in  mind  two 
facts:  (i)  that,  by  eq.  (1 7),  the  critical  acceleration  X 
is  directly  proportional  to  the  frozen  kinetic  law 
cjf(u,  0),  and  (ii)  that  the  values  of  the  particle 
velocity  amplitude  u”  have  a one-to-one  correspond- 
ence with  values  of  temperature.  These  observations 
enable  us  to  conclude  that,  neglecting  the  effects  of 
reactant  depletion  (which  appears  reasonable  for  NM), 
the  shape  of  the  X-curve  is  a portrait  of  the  kinetic 
process  in  a given  wave  profile.  That  is,  we  can  track 
along  the  X-curve  in  terms  of  the  temperature  and 
obtain  a qualitative  picture  of  how  the  reaction  rate 
changes  in  the  wave  profile.  Thus,  the  fact  that  1X1  is 
small  at  lower  temperatures  indicates  that  at  the 
lower  temperatures  in  a wave  profile  we  can  expect  a 
very  slow  reaction.  However,  the  fact  that  at  some 
point  on  the  X-curve  the  shape  changes  abruptly  and  X 
becomes  large  in  magnitude  indicates  that  at  some 
point  in  the  flow  field  the  reaction  rate  co  will  change 
abruptly  and  become  very  high.  It  is  this  character  of 
the  X-curve  which  suggests  the  presence  of  super- 
detonation in  the  initiation  process. 

This  shape  of  the  critical  acceleration  curve, 
however,  does  not  guarantee  the  existence  of  super- 
detonation. For  superdetonation  to  occur,  it  is  also 
necessary  that  the  time  of  reaction  completion  at  the 
ignition  point  be  extremely  short  in  comparison  to 
the  time  it  takes  for  the  resulting  pressure  disturbance 
to  communicate  with  the  rest  of  the  wave  profile  (cf. 
Enig  (21 )).  Since  the  sound  speed  C governs  this 
communication,  it  is  useful  to  compute  the  ratio  C/to, 


which  represents  the  distance  over  which  a weak 
pressure  disturbance  can  propagate  during  the  time 
required  for  the  reaction  to  go  to  completion.  We 
then  compare  C/co  with  the  thickness  of  the  shocked 
region,  i.e.,  the  shock  propagation  distance.  By 
assuming  that  the  frozen  response  of  nitromcthanc 
dominates  the  structure  of  the  wave  profile  until  the 
thermal  explosion  occurs,  we  can  use  eq.  ( 1 7)  to 
obtain  a reasonable  estimate  of 

c 

cj  cuX(l  -M) 


for  every  point  in  the  wave  profile.  This  expression 
allows  us  to  determine  C/co  as  a function  of  pressure 
and  the  results  arc  she  m in  Fig.  8.  Also  shown  in 
Fig.  8 are  two  curves  representing  the  propagation 
distance  5 as  a function  of  the  shock  front  pressure  p~ 
and  as  a function  of  the  pressure  at  the  loaded  inter- 
face p| , both  of  which  were  obtained  from  our 
numerical  results  for  the  6-GPa  input  pulse. 

In  comparing  the  reaction  communication  distance 
C/co  with  the  propagation  distance  6 in  terms  of  the 
shock  front  pressure,  we  see  that  there  is  good  com- 
munication (C/co  >8)  until  the  superdetonation  has 
overtaken  the  front.  This  implies  that  the  pressure 
disturbances  generated  in  the  neighborhood  of  the 
front  communicate  well  with  that  portion  of  the 
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Fig.  8.  Reaction  communication  distance  C/co  and 
shock  propagation  distance  8 as  functions  of  pressure. 
The  argument  p~  denotes  the  shock  front  pressure 
and  Pi  the  loaded  interface  pressure.  Points  A and  A ' 
correspond  to  the  same  propagation  distance  (and 
time)  during  shock  growth  in  NM. 
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wave  which  is  ahead  of  the  superdetonation.  How- 
ever, after  superdetonation  has  broken  through  the 
front,  we  see  that  communication  becomes  very 
limited  (C/u>  « 6).  This  corresponds  to  the  fact 
that  in  detonation  the  reaction  effects  are  localized 
immediately  behind  the  shock  front,  and  conse- 
quently as  the  shock  passes  over  each  material  plane 
the  reaction  accelerates  itself  to  a prompt  comple- 
tion. Thus,  poor  communication  suggests  a small 
reaction  zone. 

Comparison  of  the  communication  distance  C/a> 
with  the  propagation  distance  6 in  terms  of  the 
loaded  interface  pressure  leads  to  some  additional 
conclusions.  First,  disturbances  generated  at  the 
loaded  interface  are  well  communicated  to  the  rest  of 
the  wave  until  the  shock  has  propagated  a distance 
3.25  U0r.  This  good  conun  ■'lication  is  evident  in 
Fig.  7 by  the  small  value  of  the  particle  acceleration 
behind  the  front  as  the  wave  propagates.  However, 
after  the  shock  front  has  traveled  » 3.25  U0r,  the 
communication  becomes  poor  (cf.  Fig.  8).  It  is  of 
interest  at  this  point  to  consider  the  pts.  A and  A'  on 
the  two  curves  of  the  propagation  distance.  These 
points  correspond  to  the  same  distance,  slightly 
1 greater  than  3.25  U0r,  and  they  show  the  difference 

in  the  pressure  between  the  shock  front  (pt.  A)  anc' 
the  loaded  interface  (pt.  A').  The  important  thing  to 
notice  here  is  that  the  communication  ranges  from 
j good  at  the  shock  front  io  poor  at  the  loaded  inter- 

j i faces.  This  implies  that  the  loaded  interface  cannot 

i communicate  with  the  rest  of  the  wave.  This  effect, 

( along  with  an  accelerating  reaction  rate,  results  in  a 

highly  localized  pressure  excursion  at  the  loaded 
'•  I interface.  The  result  is  superdetonation,  initiated 

essentially  at  the  loaded  interface. 

I 

j It  is  important  to  note  that  Fig.  8 is  fairly  repre- 

j sentative  of  nitromethane  over  the  pressure  range  of 

j 6-1 2 GPa  and  we  would  have  arrived  at  the  same  type 

1 • of  conclusions  had  we  used  the  numerical  results  for 

the  9-  or  1 2-GPa  input  pulses. 

PBX-9404 

i Now  let  us  consider  'he  shock  growth  modes  in 

k PBX-9404.  Kenn  Jy  and  Nunziato  (6)  have  observed 

| the  growth  process  using  velocity  interferometry  for 

an  input  pulse  of  3.7  GPa  and  the  measured  wave 
profiles  at  propagation  distances  6 of  2, 4,  and  6 mm 
, were  shown  previously  in  Fig.  3.  There  are  several 

features  of  these  wave  profiles  which  should  be  n ^d. 


* 


f 

First  of  all.  the  pa  ,'.le  acceleration  be.„.id  the  front  4 

at  5 = 2 mm  is  small  and  positive  and  there  is  slight  I 

growth  of  the  front  by  4 mm.  Secondly,  there  is  a 

strong  pressure  disturbance  which  develops  at  some  } 

point  behind  the  front  and  nearly  overtakes  the  front 
by  6 mm  propagation  distance.  From  the  point  of 
overtake  to  detonation  at  7 mm,  the  shock  grows 
at  the  front  (22). 

t 

This  type  of  shock  growth  behavior  can  be  inferred  ■ 

from  the  critical  acceleration  curve  for  PBX-9404 

shown  in  Fig.  2.  In  the  case  of  an  infinite-duration  1 

input  pulse,  the  initial  growth  of  the  shock  front 

amplitude  is  governed  by  eq.  (38)  since  (3tu)“  = 0.  , 

Thus,  the  growth  is  proportional  to  X and,  since  X is  J 

small  in  magnitude  at  low  amplitudes,  we  would 
expect  low  amplitude  waves  to  grow  slowly  at  first. 

This  initially  slow  growth  is  borne  out  in  the  experi-  1 

mental  observations  (Fig.  3)  and  closely  resembles  J 

the  growing  square-wave  hypothesis  considered  by  ‘ 

Kennedy  (23).  By  also  recognizing  that  the  overall  i 

shape  of  the  X-curve  is  related  to  a combination  of  the  J 

frozen  kinetics  and  the  mechanical  dissipation  of  the  ; 

material,  we  can  see  the  reason  for  the  development  ,j 

of  the  strong  pressure  disturbance  behind  the  wave.  ] 

That  is,  since  IX|  increases  slowly  with  the  amplitude, 

and  hence  with  pressure,  we  can  expect  that  in  a ,i 

given  wave  profile  the  reaction  will  be  relatively  J 

gradual  and  spread  out.  Thus,  any  “thermal  explo- 
sion” in  PBX-9404  will  not  be  very  vigorous.  The  « 

fact  that  the  resulting  pressure  disturbance  remains 

spread  out  over  a large  time  and  that  it  overtakes  the  ! 

front  and  does  not  immediately  result  in  detonation 

is  a consequence  of  communication  effects.  ( 

The  effect  of  reaction  communication  upon  shock  j 

wave  growth  in  PBX-9404  is  well  illustrated  in  Fig.  8. 

Here  the  communication  distance,  C/co,  is  evaluated 
for  conditions  immediately  behind  the  shock  front, 
using  the  frozen  Hugoniot  (6),  a value  of  the  heat 
reaction  Q of  -1 .37  keal/g  (24),  and  the  critical 
acceleration  curve  in  conjunction  with  eq.  (39).  The 
right  end  of  the  C/co  curve  represents  the  detonation 
spike  point.  Using  experimental  data  (6),  we  have 
also  shown  in  Fig.  8 the  growth  in  shock  front  pres- 
sure with  propagation  distance  6 for  the  case  of  the 
supported  3.7-GPa  input  shock.  The  right  end  of  the 
5 curve  represents  the  overtake  of  the  shock  front  by 
the  strong  pressure  pulse  from  behind. 

The  significant  point  to  recognize  in  Fig.  8 is  that 
rapid  growth  in  the  shock  front  pressure  is  nearly  ' 
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coincident  with  the  onset  of  limited  communication, 
i.e.,  as  the  shock  propagates  and  grows,  we  enter  a 
region  where  C/co  <5.  In  this  region,  pressure  dis- 
turbances generated  by  the  reaction  in  the  neighbor- 
hood of  the  front  do  not  have  the  opportunity  to 
communicate  with  the  rest  of  the  wave  profile.  If, 
for  the  moment,  we  neglect  depletion,  then  we  can 
also  apply  the  communication  curve  to  other  parts  of 
the  wave  profile  and  conclude  that  there  is  limited 
communication  within  much  of  the  wave  profile  once 
rapid  growth  at  the  front  has  begun.  This  effect, 
along  with  the  slow  acceleration  of  the  reaction,  gives 
rise  to  the  slowly  growing  disturbance  which  develops 
at  some  point  in  the  body  of  the  wave  separated  from 
the  loaded  interface.  Notice,  however,  that  the  com- 
munication is  not  so  limited  as  to  result  in  super- 
detonation, as  in  the  case  of  nitromethane.  Rather, 
there  is  still  sufficient  communication  to  permit 
regions  close  to  the  pressure  disturbance  to  be  influ- 
enced and  thus  the  disturbance  remains  spread  out  in 
time  until  it  overtakes  the  front.  The  fact  that  the 
reaction-generated  pressure  disturbance  migrated 
toward  the  front  and  that  the  loaded  interface  pres- 
sure is  always  lower  than  the  peak  pressure  in  the 
disturbance  is  believed  to  be  due  to  the  effect  of 
depletion  on  communication.  That  is,  communica- 
tion will  tend  to  be  better  in  partially  reacted  solid 
material  than  in  the  gaseous  products.  Thus,  the 
disturbance  will  tend  to  propagate  toward  the  shock 
front  where  the  material  is  less  depleted  and  to  lose 
communication  with  the  loaded  interface.  Finally,  it 
should  be  observed  that  although  the  communication 
is  limited,  it  is  still  sufficient  to  permit  the  disturb- 
ance to  overtake  the  front  before  its  peak  achieves 
pressures  of  the  order  of  the  detonation  spike  pres- 
sure. Thus,  after  overtake,  growth  at  the  front 
occurs. 

5.  CONCLUSIONS 

In  this  paper  we  have  attempted  to  correlate 
various  types  of  shock  growth  modes  observed  in  the 
initiation  of  homogeneous  and  heterogeneous  explo- 
sives with  the  behavior  of  certain  physical  and  chemi- 
cal properties,  namely,  the  critical  acceleration  X and 
the  reaction  communication  distance  C/u>.  Through- 
out out  discussion,  we  have  confined  our  attention  to 
input  pul 3e  which  were  infinite  in  duration  and  square 
in  shape. 

In  the  case  of  the  homogeneous  explosive  nitro- 
methane, we  found  that  at  low  amplitudes,  |X|  was 


small  and  communication  was  good.  This  results  in 
low  amplitude  waves  growing  slowly  as  square  waves. 
The  fact  that  the  reaction  rate,  and  hence  X,  changed 
abruptly  at  higher  pressures  (temperatures)  and  the 
evidence  of  very  limited  communication  in  this  pres- 
sure range  provides  an  explanation  for  the  occurrence 
of  superdetonation.  In  the  case  of  the  heterogeneous 
explosive  PBX-9404,  we  found  that  at  low  ampli- 
tudes, X was  less  than  that  of  nitromethane.  This 
correctly  suggests  that  at  lower  pressures  PBX-9404  is 
more  reactive  and  is  more  easily  initiated  due  to  hot 
spots.  Nevertheless,  |X|  is  still  small  enough  that  the 
communication  is  good;  thus,  square  wave-type 
growth  again  occurs  initially.  At  higher  pressures,  X 
decreases  relatively  slowly  indicating  the  presence  of 
slower  reaction  kinetics  than  in  NM.  This,  coupled 
with  better  communication  than  in  high-temperature 
NM,  resulted  in  the  generation  of  a pressure  disturb- 
ance which  was  spread  out  in  time  and  overtook  the 
front  before  the  detonation  pressure  was  achieved.  It 
is  only  in  cases  of  this  nature,  when  the  shock  front 
becomes  unsupported,  that  one  can  expect  to  observe 
growth  at  the  front.  Growth  at  the  front  has  also 
been  observed  in  the  case  of  initially  unsupported 
shocks  by  Dremin,  et  al.  (25). 
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The  following  formula  represents  the  dependence 
of  the  decomposition  rate  on  pressure: 


da 

dt 


= 3.9  (a  + 0.01X1  - a)3 


.103  sec-1 


The  research  of  the  kinetics  of  relaxation  processes 
in  shock  waves  is  also  being  done  at  our  Laboratory.1 
The  investigation  on  the  determination  of  TNT 
decomposition  kinetics  behind  the  shock  wave  front 
has  been  completed  recently.2  The  technique  of  our 
investigation  can  be  described  as  follows.  TNT 
samples  arc  subjected  to  a one-dimensional  shock 
wave  and  a series  of  pressure  profiles  is  then  obtained 
by  means  of  manganin  gages  located  at  different 
places  within  these  samples.  Based  on  these  data,  the 
dependence  of  the  specific  volume  change  on  time 
for  various  coordinates  of  the  sample  is  determined. 
This  method,  proposed  earlier  by  our  Laboratory  in 
1967, 3 as  well  as  the  method  of  two  phase  velocities,4 
uses  the  additivity  principle.  As  shock  compressibili- 
ties of  TNT  and  its  explosion  products  become 
known,  one  can  take  into  account  the  time  depend- 
ences of  pressure  and  specific  volume  of  an  arbitrary 
sample  and  find  the  time  rate  of  change  of  the  explo- 
sion products  concentration  for  that  sample. 

Figure  1 shows  the  pressure  profiles  for  three 
experimental  scries.  The  shock  waves  with  various 
pressures  and  times  have  been  used  during  these 
experiments.  Numbers  along  the  lines  represent  the 
gage  coordinates  in  mm.  Figure  2 show-  the  kinetic 
curves  obtained  as  the  result  of  the  experimental  data 
reduction.  The  curves  represent  the  mass  change  of 
the  explosion  products  with  time.  The  curves  arc 
labeled  in  accordance  with  Figure  1 indicating  the 
series  and  gage  location. 

Some  common  characteristics  about  the  kinetic 
curves  are  as  follows:  immediately  behind  the  shock 
fronts,  the  decomposition  rates  are  almost  equal  to 
zero,  the  rates  increase  with  the  extent  of  decom- 
position and  when  ic  pressure  change  is  not  too 
large,  it  reaches  a maximum  value  in  the  neighbor- 
hood of  0.2-0.3.  A sharp  pressure  decrease  is  respon- 
sible for  the  decomposition  rate  decrease. 


Here  p is  the  pressure,  pj  and  Vj/vq  is  the  pressure 
and  compressibility  at  the  shock  front,  with  the 
extent  of  decomposition  up  to  a * 0.6.  The  rates, 
calculated  by  the  above  formula,  differ  from  the 
experimental  data  by  not  more  than  30%. 
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GEOMETRICAL  SHOCK  FOCUSING  AND  FLYING  PLATE 
INITIATION  OF  SOLID  EXPLOSIVES 
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'/Wo  dimensional  hydrodynamic  computer  calculations  suggest  substantial  en- 
hancement of  shock  temperature  and  pressure  in  a hexanitrostilbene  (HNS)  core 
if  a flying  plate  overlaps  a metal  containment  cylinder  at  impact.  Experimental 
results  on  a similar  geometry  indicate  a substantial  reduction  in  /Iyer  kinetic 
energy  at  the  initiation  threshold  velocity  for  the  overlap  case.  Shock  interac- 
tions for  this  geometry  are  discussed,  and  guidelines  are  suggested  for  utilizing 
this  effect. 


In  recent  years,  the  desire  lor  inherently  sale  initi- 
ators has  led  to  experimentation  with  so-called 
“(lying  plate"  or  “shipper”  detonators.  In  such  de- 
vices the  flyer  is  accelerated  by  hot  gases  generated 
from  the  reaction  of  a pyrotechnic  material  or  the 
high  pressure  gases  generated  by  vaporizing  a metal 
foil  with  an  electrical  discharge.  The  explosive  de- 
tonates if  the  tlycr  impinges  with  sufficient  velocity. 
It  has  been  previously  suggested  that  “pressure  aug- 
mentation” results  if  a metal  flyer  overlaps  the  ex- 
plosive column  and  housing  (1).  Recent  experiments 
indicated  a reduction  in  initiation  stimulus  when  a 
small  diameter  detonating  fuse  was  compared  with 
large  diameter  detonating  fuse.  A shock  focusing 
effect  was  postulated  to  explain  these  results.  This 
effect,  if  understood  and  utilized,  might  lead  to 
more  reliable  initiation  in  actual  devices.  This  paper 
reports  an  experimental  and  computer  investigation 
of  this  phenomenon.  A more  complete  description 
of  the  computer  study  has  been  previously 
reported  (2). 

The  computer  results  were  obtained  with  a two 
dimensional  wave  propagation  computer  code  CSQ 
(3)  developed  by  S.  L.  Thompson.  This  code  solves 
Lagrangian  equations  of  motion,  but  continuously 
rezones  the  problem  to  the  original  mesh.  Since  the 
code  was  limited  to  two  materials  in  any  one  prob- 
lem, the  results  presented  here  use  the  same  metal 


for  the  flyer  plate  and  the  containment  cylinder.  A 
porous  material  option  was  used  to  simulate  the  Hli, 
and  an  clastic  plastic  option  was  used  to  simulate  the 
metal.  Known  material  properties  for  low  density 
HNS  and  the  metal  containment  cylinder  were  taken 
from  several  sources  (4).  Reasonable  estimates  were 
used  for  those  parameters  not  in  the  referenced 
source.  The  results  arc  strictly  for  hydrodynamic 
fk<w  and  chemical  reuction  and  detonation  were  not 
allowed.  All  calculations  were  similar  in  that  a per- 
fectly uligned,  perfectly  flut  flyer  impacted  the  end 
of  a metal  containment  cylinder  with  an  UK  core 
with  perfect  contact  between  the  HE  core  and  con- 
tainment cylinder  assumed. 


The  experimental  technique  used  in  this  work  has 
been  explained  in  an  earlier  report  (5),  and  only  a 
cursory  explanation  will  be  given  here.  Figure  1 pre- 
sents the  basic  elements  of  this  approach.  A capaci- 
tor discharge  exploded  a foil  bridge  driving  the 
Kapton  flyer  forward.  The  Kapton  flyer  was  sheared 
by  the  barrel  to  the  desired  diameter,  and  the  flyer 
continued  down  the  barrel  to  impact  the  acceptor 
explosive.  For  a given  geometry,  the  velocity  of  the 
flyer  was  controlled  by  the  capacitor  voltage.  Streak 
camera  records  of  the  flyer  were  used  to  determine 
a velocity  versus  voltage  curve.  This  experimental 
apparatus  was  carefully  characterized  and  the  error 
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Ceramic  Head 


Brittle  Foil  0. 76  x 0. 76  x 0. 009  mm 
Thick  Copper 

Flyer  (0.08  mm  Kapton) 
Housing  (Polyterethylate) 


Barrel  (Cellulose  Acetate 
Butyrate) 

Accepter  Explosive 
(6. 35  mm  Dia.  x 2. 54  mm  Thick) 


1.00  mm  Did.  Hole  x 0.38 

Fig.  1.  Exploded  view  of  the  test  device. 


in  flyer  velocity  for  a capacitor  voltage  greater  than 
1000  volts  was  ±8  percent. 

The  computer  calculations  and  the  experimental 
results  were  not  for  identical  situations.  The  com- 
puter calculations  were  limited  to  two  materials, 
therefore  the  flyer  had  to  be  composed  of  either  the 
explosive  or  the  same  inetal  as  the  confinement  cy- 
linder. The  experiments  used  three  materials.  In 
the  computer  code  the  explosive  was  allowed  no 
reactivity.  The  real  case  involved  chemical  reactiv- 
ity during  growth  to  detonation  from  impact. 

The  maximum  shock  enhancement  should  occur 
when  the  dimensions  of  the  flyer  and  containment 
cylinder  are  so  large  that  no  rarefaction  from  any  free 
surface  can  interfere.  With  that  in  mind,  the  geome- 
try in  Fig.  2a  was  chosen  for  calculations.  For  corn- 
pat  ison,  the  calculation  was  also  performed  with  a 
flyer  that  can  not  give  shock  enhancement  as  illus- 
trated in  Fig.  2b.  The  HNS  diameter  is  0.78  mm  and 
the  flyer  velocity  in  both  calculations  was  the  same. 
The  outer  diameter  of  the  metal  sleeve  is  4.0  mm. 

Figures  3 and  4 give  two  dimensional  displays  ol 
pressure  and  temperature  as  a function  of  time  for 
a (Iyer  velocity  of  0.1  mm/^sec.  These  calculated 
results  are  for  the  same  geometry  as  2a  but  with  ap- 
propriate changes  in  scale  so  that  only  the  portion 
of  the  problem  shown  in  the  unnumbered  frame  is 
displayed.  The  scale  factors  relating  dots  per  unit 
area  to  temperature,  or  dots  per  unit  area  to  pressure 
are  held  constant  throughout  this  report.  Darkest 
areas  on  the  numbered  frames  (i.e.,  most  dots  per 
unit  area)  indicate  greatest  intensify.  The  frames 
on  each  figure  throughout  this  paper  are  given  at  the 
same  time  increments  of  3 X 10'8  seconds  with  the 
first  frame  taken  at  2 X 10'8  seconds  after  the  colli- 
sion. The  approximate  position  of  the  HE-metal 
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Fig.  2.  Geometries  investigated.  Each  grid  dash 
represents  0. 042  cm. 


Fig.  3.  Pressure  dot  plots  for  geometry  2.A.  Each 
grid  dash  represents  0. 0156  cm. 


Fig.  4.  Temperature  dot  plots  for  geometry  2.  A. 
Each  grid  dash  represents  0.0156  cm. 


interface  is  outlined  on  all  frames  as  a continuous 
dark  line. 

An  examination  of  Figures  3 and  4 suggests  sub- 
stantial temperature  and  pressure  enhancement.  A 
shock  moves  radially  into  the  HNS  from  the  surround- 
ing brass  and  coalesces  to  form  a strong  planar  shock. 
On  the  other  hand,  the  shock  structure  calculated 
for  geometry  2.  B (not  illustrated  here)  is  basically 
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a straight-forward  one-dimensional  flow  with  sn;ail 
perturbations  and  with  a magnitude  that  is  the  same 
as  the  lighter  center  area  in  Fig.  3 and  4.  The  ab- 
solute magnitude  of  this  shock  pressure  enhancement 
is  illustrated  on  Fig.  5.  This  figure  gives  pressure  as 
a function  of  position  along  a cylindrical  surface 
illustrated  on  the  geometry  frame  as  two  straight 
vertical  lines  in  the  HE.  The  bottom  of  the  geometry 
frame  corresponds  to  zero  on  the  abscissa  of  the 
other  frames. 

The  shock  interactions  for  the  large  flyer  can  be 
explained  qualitatively  if  certain  fundamental  prin- 
ciples of  shock  wave  behavior  arc  considered.  At 
the  instant  of  impact,  pressures  are  generated  at  the 
interface  that  can  easily  be  determined  by  crossing 
right-going  and  left-going  Hugoniots  on  a pressure- 
particle  velocity  graph.  There  is  one  pressure  for 
the  metal-metal  impact,  and  another  considerably 
smaller  pressure  for  the  metal-HE  impact.  A plane 
shock  wave  begins  propagating  away  from  the  im- 
pact surface  in  both  directions.  A second  pressure 
discontinuity  is  simultaneously  created  along  the 


circle  formed  by  the  HE-brass  cylinder  interface  on 
the  impact  plane,  and  a disturbance  is  propagated 
away  from  the  circle.  But  this  time  it  is  not  planar. 

If  for  the  purpose  of  illustration  we  consider 
the  shock  velocity  in  the  HE  and  brass  as  identical 
and  constant,  and  if  we  consider  a plane  through 
the  axis  of  the  cylinder,  the  disturbance  propagates 
in  that  plane  as  illustrated  in  Fig.  6.  In  addition  to 
the  plane  waves  propagating  away  front  the  impact 
plane,  a second  radial  disturbance  is  propagated 
away  from  the  points  of  intersection  of  the  different 
materials  on  the  impact  plane.  In  the  brass  contain- 
ment cylinder  this  disturbance  is  a rarefaction,  but  in 
the  HE  it  is  a compression  wave.  In  the  flyer  it  is  a 
rarefaction  for  that  part  of  the  flyer  overlapping 
the  container,  and  it  is  a shock  wave  in  that  part  of 
the  flyer  that  impacts  the  HE.  Figure  6 suggests 
geometrical  attenuation  of  the  radial  disturbance. 
However,  the  real  system  is  not  planar,  but  cylin- 
drical^ symmetrical.  The  three  dimensional  dis- 
turbance is  in  fact  propagated  as  a toroid  (doughnut 
shape)  with  a constant  major  radius  and  an  ever 


Fig.  5.  Pressure  versus  mesh  number  for  geometry  l.A . The  position  of  the  cylindrical  surface  for  these  plots  is 
indicated  on  the  unnumbered  frame  as  two  straight  lines.  Each  vertical  dash  represents  0.010  cm. 
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increasing  minor  radius.  A second  geometrical  re- 
lationship for  the  magnitude  of  the  torous  is  sug- 
gested by  this  symmetry,  and  geometric  convergence 
occurs  in  some  region  near  the  axis  of  cylindrical 
symmetry,  liven  if  we  could  shift  Hugoniots  around 
on  a pressure  vs.  particle  velocity  graph  and  deter- 
mine the  initial  magnitude  of  the  disturbance,  and 
even  if  the  grossly  simplified  picture  on  Fig.  6 were 
correct,  the  magnitude  of  the  disturbance  would  be 
some  as  yet  undetermined  function  of  geometrical 
parameters. 


This  simple  approach  has  been  discussed  for  ex- 
planatory purposes  only.  The  real  system  has  several 
complications.  In  most  real  systems  the  disturbance 
moves  faster  in  the  surrounding  metal  than  in  the  HF. 
With  each  increment  that  the  metal  disturbance  moves 
ahead  of  the  HE  disturbance,  a new  discontinuity  is 
formed  at  the  interface  of  the  two  materials  along  the 
length  of  the  cylinder.  Each  new  discontinuity  is  re- 
lieved by  sending  rarefactions  into  the  metal  and 
shocks  into  the  HE.  The  circular  front  as  shown  in 
Fig.  6 is  elongated  in  the  HE  near  the  HE-brass  inter- 
face, and  truncated  in  the  brass  interface,  and  trun- 
cated in  the  brass.  There  is  some  flow  from  the 
plane  wave  in  the  metal  back  toward  the  HE  that 
tends  to  increase  the  pressure  in  the  brass  near  the 
HE,  but  this  is  a small  effect  in  the  overall  picture. 
Except  for  the  elongation  of  the  toroidal  front  along 
the  metal  interface,  there  is  no  evidence  from  these 
calculations  that  the  faster  shock  velocity  in  the 
metal  increases  the  pressure  in  the  HE  significantly. 
This  elongation  does  add  some  to  the  toroidal  pres- 
sure disturbance  in  the  HE,  but  the  total  added  does 
not  seem  to  be  very  substantial  since  the  toroidal 


disturbance  is  rapidly  attenuated  by  the  porous  HE. 
Based  on  these  observations  there  docs  not  seem  to 
be  a good  reason  for  necessarily  choosing  a metal 
with  a very  high  shock  velocity  as  the  containment 
cylinder. 

The  high  velocities  for  the  larger  amplitude  shocks 
also  distort  the  circle  in  Fig.  6.  The  circular  disturb- 
ance is  a larger  amplitude  shock  in  the  HE  than  is  the 
plane  shock,  and  it  moves  ahead  of  the  plane  wave, 
it  also  adds  to  the  plane  wave  giving  a larger  ampli- 
tude shock.  A shock  in  an  already  crushed  material 
(pre-shocked  material)  moves  faster  than  the  same 
amplitude  shock  would  move  in  a distended  material. 
All  these  effects  combine  to  produce  further,  not 
easily  predicted,  distortions  in  the  pressure  front. 

An  unusual  effect  is  caused  by  the  porous  nature 
of  the  HE.  The  highest  temperature  does  not  neces- 
sarily correspond  to  the  highest  pressure.  The  dis- 
turbance propagating  horizontally  inwards  in  Fig.  6 
is  moving  through  already  crushed  HE,  and  docs  not 
raise  the  temperature  as  much  as  if  the  same  disturb- 
ance were  moving  through  distended  material.  The 
highest  pressure  occurs  along  the  axis  of  cylindrical 
symmetry,  but  the  highest  temperature  occurs  in 
front  of  the  position  where  the  plane  wave  would 
normally  be.  The  maximum  temperature  is  achieved 
at  the  point  where  the  intersection  of  the  converg- 
ing circular  disturbance  overtakes  the  plane  wave 
along  the  axis  of  symmetry  in  the  HE.  A comparison 
of  Figs.  3 and  4 illustrates  this.  Because  pre  bably 
it  is  temperature  that  initiates  chemical  reaction, 
the  most  likely  position  for  detonation  is  along  the 
toroidal  disturbance  after  its  intersection  overtakes 
the  plane  wave.  Detonation  would  most  likely  be 
Initiated  where  the  darkest  areas  of  Fig.  4 are  main- 
tained for  the  longest  time  period. 

If  the  flyer  is  too  thin,  its  diameter  too  small,  or  if 
the  diameter  of  the  confinement  cylinder  is  too  small, 
rarefactions  from  a free  surface  can  get  back  to  the 
HE  quickly  and  seriously  attenuate  the  focusing  ef- 
fect. Because  rarefactions  move  considerably  faster 
in  crushed  HE  than  do  shocks  in  distended  HE,  rare- 
factions can  completely  attenuate  the  toroidal  dis- 
turbance before  it  coalesces.  Different  geometries 
have  been  investigated  in  this  study  that  clearly  illus- 
trate this,  although  the  results  arc  not  presented  here. 
On  the  other  hand,  any  overlap  at  all  adds  something 
to  the  planar  shock. 
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Experimental  data  consisted  of  the  threshold 
velocity  for  initiation  for  two  geometry  series:  Geo- 
metrical variation  was  accomplished  by  changing  the 
receptor  geometry  and  always  using  a Kapton  flyer 
1 mm  in  diameter  and  0.076  mm  thick.  One  geom- 
etry series  used  receptors  consisting  of  aluminum  cy- 
linders with  an  outside  diameter  of  6.3  mm  and  con- 
taining a core  of  superfine  hexanitrostilbene  (HNS-SF) 
at  several  diameters.  The  second  geometry  series 
was  aluminum  sheathed  mild  detonating  fuse  contain- 
ing HNS-II.  All  HNS  was  held  at  a density  of  1 .60 
Mg/M3.  For  reference  free  standing  pellets  of  HNS-SF 
and  HNS-II  were  tested.  Data  for  each  geometry  is 
presented  on  Tables  1 and  2.  Following  the  Walker- 
Wasley  approach  (5)  a P§r0  threshold  was  deter- 
mined for  the  free  standing  pellets.  Pressure  and  time 
are  indicated  by  P and  r,  respectively.  An  apparent 
P2r  for  each  geometry  was  calculated  using  only  the 
one-dimensional  shock  parameters  obtained  by  cross- 
ing pressure  vs.  particle-velocity  Hugoniots  at  the 
threshold  velocity.  The  ratio  of  the  apparent  P2r 
divided  by  P2r0  is  also  given  on  the  two  tables.  Fig.  7 
gives  a plot  of  P2t/VIt0  versus  (flyer  diameter)/ 
(explosive  diameter). 

If  the  experimental  configuration  could  be  com- 
puter modeled,  a general  trend  similar  to  that  shown 
in  Fig.  7 as  a dotted  line  would  result.  The  computer 
code  would  predict  no  change  in  P2r  until  the  flyer 
overlapped  the  metal  confinement  cylinder.  For 
larger  and  larger  overlap,  the  apparent  P2r  would  de- 
crease sharply  until  the  overlap  exceeded  twice  the 
thickness  of  the  flyer.  For  this  0.076  mm  thick  by 
1 mm  diameter  flyer  this  would  occur  at  a ratio  of 

TABLE  1 

Data  for  HNS-SF  Core  Pressed  into  an 
Aluminum  Cylinder 


OD,  ED,  FD,  and  FV  represent  aluminum  cylinder 
diameter,  explosive  diameter,  flyer  diameter,  and  flyer 
velocity,  respectively. 


OD/ED 

FD/ED 

FV 

cm/ps 

P2r/P|r 

-/0.63 

0.16 

0.246 

1.0 

0.63/0.31 

0.32 

0.252 

1.05 

0.63/0.16 

0.64 

0.274 

0.87 

0.63/0.08 

1.28 

— ■ 

0.221 

0.76 

TABLE  2 

Data  for  HNS-II  Mild  Detonating  Fuse 


Symbolism  is  identical  to  Table  1 


OD/ED 

P2r/P2r 

-/0.63 

0.16 

— 

0.274 

mm 

0.28/0.12 

0.68 

0.236 

■IB 

0.20/0.089 

1.14 

0.238 

0.12/0.056 

1.90 

0.218 

0.57 

0.881/0.036 

3.08 

0.198 

0.44 

Fig.  7.  Reduction  in  flyer  energy  fluence  required  at 
threshold  vs  overlap  (flyer  dia./ explosive  dia. ). 


about  1 .44  in  Fig.  7.  At  overlap  ratios  greater  than 
this,  rarefactions  moving  in  from  the  back  side  of 
the  flyer  substantially  attenuate  the  shock  in  the 
HE  before  rarefactions  from  the  flyer  perimeter  get 
to  the  explosive.  At  smaller  ratios,  rarefactions 
from  the  perimeter  are  the  primary  attenuation 
mechanisms.  The  apparent  discrepancy  between  the 
computer  suggested  trend  and  the  experimental  ob- 
servations is  no  doubt  real  The  computer  ignores 
effects  such  as  minimum  critical  diameter  and  any 
enhanced  reactivity  due  to  extra  confinement. 

It  should  be  pointed  out  that  the  computer  code 
predicts  a substantially  greater  shock  focusing  effect 
if  the  flyer  is  metallic.  Calculations  have  been  done 
using  the  explosive  material  as  a flyer  in  order  to 
approximate  the  experimental  arrangement.  These 
calculations  predict  a pressure  and  temperature  en- 
hancement, but  much  less  than  that  shown  in  Fig. 
2,3,  and  4.  If  our  experiments  had  been  conducted 
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using  an  aluminum  flyer,  wc  would  expect  a much 
more  dramatic  effect  than  shown  in  Fig.  7 or  the 
Kapton  flyer. 

Figure  7 clearly  indicates  that  the  flyer  has  a 
lower  kinetic  energy  at  the  initiation  threshold  for 
the  overlap  cases.  Since  the  same  flyer  is  used 
throughout,  a lower  value  of  P2r/P£r„  indicates  less 
kinetic  energy.  This  suggests  that  the  over-all  relia- 
bility of  a flying  plate  device  can  be  improved  by 
utilizing  shock  focusing.  The  degree  of  improvement 
depends  on  the  materials. 

Calculations  were  made  with  a number  of  materials' 
including  a high  shock  impedance  flyer  (gold),  a low 
shock  impedance  flyer  (the  aluminum).  While  the 
calculations  were  too  expensive  and  time  consuming 
to  do  complete  parameter  studies,  certain  guidelines 
can  be  suggested  for  making  good  use  of  the  shock 
amplitude  in  the  HE  and  the  containment  cylinder 
at  the  instant  of  impact.  This  simple  guideline  re- 
quires consideration  of  the  flyer  velocity  and  subse- 
quently the  flyer  mass.  In  most  cases  the  best  choice 
for  the  flyer  material  would  be  a low  density  metal 
such  as  aluminum  or  beryllium.  The  containment 
cylinder  usually  would  be  a high  shock  impedance 
material.  The  maximum  possible  shock  focusing  ef- 
fect would  occur  in  an  infinitely  large  flyer  and 
containment  cylinder.  On  the  other  hand,  most  of 
the  possible  shock  enhancement  can  be  utilized  if  the 
following  geometrical  restrictions  are  observed.  The 
minimum  flyer  thickness  should  be  chosen  so  that 
twice  the  shock  transit  time  through  the  flyer  is  at 
least  as  great  as  the  shock  transit  time  through  a 
length  of  explosive  equal  to  the  radius  of  the  HE 
column.  The  radius  of  the  flyer  should  exceed  the 


radius  of  the  HE  column  by  twice  the  minimum  flyer 
thickness,  and  the  diameter  of  the  containment  cylin- 
der should  not  be  less  than  the  diameter  of  the  flyer. 
Any  dimension  can  be  greater  than  that  suggested 
by  these  guidelines,  but  additional  shock  focusing 
is  not  very  substantial  with  increased  dimensions. 
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An  heuristic  model  of  the  shock  initiation  of  heterogeneous  explosives  is  described. 
To  initiate  detonation,  we  hypothesize  that  a shock  must  exceed  some  minimum  in- 
tensity required  to  obtain  thermal  ignition  at  hot  spots  and  to  offset  heat  transfer 
losses.  Thus,  shock  strength  Is  the  parameter  controlling  initiation  when  the  pulse 
duration  is  long,  but  shock  energy  fluence,  ora  related  quantity,  controls  when  the 
pulse  duration  is  short.  From  this  approach  we  devebp  alternative  forms  of  initia- 
tion criteria  which  are  hyperbolic  in  shock  energy-shock  power  coordinates.  This 
model  is  compared  with  existing  criteria  for  the  one  explosive,  PBX-9404,  for 
which  an  adequate  data  base  exists. 


INTRODUCTION 

The  shock  initiation  process  in  granular  explosive 
charges  of  limited  dimensions  is  considered  here  in 
terms  of  reaction  kinetics,  hydrodynamics,  thermo- 
dynamics, and  heat  transfer.  It  is  assumed  that  the 
threshold  conditions  for  initiation  in  such  systems 
are  those  for  equilibrium  between  energy  liberated  by 
the  reaction  and  that  lost  from  the  “reaction  nucle- 
us,” the  region  so  affected  by  an  external  stimulus  as 
to  react  at  a significant  rate.  The  following  heuristic 
model  of  the  reaction  nucleus  seems  to  apply  to  a 
wide  range  of  situations  of  practical  as  well  as  theo- 
retical interest. 

From  a macroscopic  viewpoint,  the  reaction  nucle- 
us may  be  considered  to  be  that  region  bounded  at  the 
front  by  the  shock  jump  induced  by  the  initiating  sti- 
mulus, at  the  rear  by  a surface  of  the  following  rare- 


faction wave  and  at  the  edges  by  the  peripheral 
boundaries  of  the  shock  wave  or  the  explosive 
charges.  Energy  is  lost  through  all  boundaries  except 
the  shock  front.  Considered  microscopically,  the  re- 
action nucleus  is  only  that  part  (the  “hot  spots”)  of 
this  region  in  which  the  temperature  has  been  raised 
sufficiently  to  result  in  self-sustaining  reaction  before 
the  pressure  drops  due  to  the  encroaching  rarefaction 
waves  or  the  hot-spot  temperature  is  reduced  by  con- 
ductive redistribution  of  the  heat. 

As  has  been  pointed  out  by  many  investigators 
(1-3),  the  concentration  of  energy  in  hot  spots  is  es- 
sential to  initiation  of  detonation  of  porous  ex- 
plosives under  threshold  conditions.  The  total  shock 
energy  density  under  threshold  conditions  for 
initiation  of  many  explosives,  if  uniformly  distri- 
buted in  the  form  of  heat,  would  be  sufficient  to 
raise  the  temperature  only  a few  degrees.  A number 
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of  mechanisms,  including  compression  of  interstitial 
gases,  friction  between  grains  and  at  shear  surface,  im- 
pact between  particles,  and  viscous  friction  within  de- 
forming grains,  contribute  to  a greater  or  lesser  extent 
to  the  nonuniformity  of  temperature  in  a shocked 
porous  medium. 

It  does  not  appear  to  be  possible  at  present  to  con- 
struct a rigorous  and  detailed  model  of  the  distribu- 
tion of  hot  spots  and  their  individual  responses  to 
shock  loading.  The  initiation  criteria  which  are  cur- 
rently most  useful  in  a quantitative  sense  are  macros- 
copic in  nature.  We  believe  that  a major  advance  in 
the  understanding  of  initiation  of  heterogeneous  ex- 
plosives will  require  a reasonable  treatment  of  the 
propagation  of  reaction  from  the  hot  spots  into  the 
surrounding  heterogeneous  explosive,  such  that  the  re- 
action may  be  shown  to  decay  or  to  accelerate  to  de- 
tonation. Our  objective  in  this  paper  is  less  ambi- 
tious; it  is  to  examine  the  macroscopic  consequences 
of  certain  types  of  microscopic  behavior. 

In  this  paper  we  discuss  certain  mechanisms  of  hot 
spot  formation  in  solid  explosives  and  relate  them  to 
the  shock  parameters  of  pressure  and  particle  veloc- 
ity. We  then  propose  several  alternative  initiation  cri- 
teria based  on  the  idea  that  some  minimum  stimulus 
is  necessary  to  begin  the  processes  that  eventually  lead 
to  detonation.  A comparison  of  one  of  these  propos- 
ed relations  with  experimental  data  and  with  existing 
initiation  criteria  provides  encouragement  for  further 
study  of  minimum-stimulus  initiation  criteria. 

MECHANISMS  OF  HOT  SPOT  FORMATION 


Shock  pressure  was  viewed  as  the  controlling  para- 
meter in  the  shock  initiation  of  detonation  some 
years  ago.  However,  Gittings  (4),  Trott  and  Jung  (5), 
and  recently  de  Longueville  (6)  have  clearly  shown 
the  shock  initiation  threshold  for  solid  explosives  to 
be  dependent  on  both  the  shock  pressure,  P,  and  du- 
ration, r.  Data  from  a variety  of  sources  suggest  that 
the  threshold  conditions  for  shock  initiation  can  be 
expressed  by  the  equation  (7,  8) 


2 

P t = constant . 


(1) 


Walker  and  Wasley  (7)  used  such  information  in  1969 
to  develop  their  concept  of  a critical  energy  fluence, 


P2r 

PoU 


Pur  = constant  , 


(2) 


where  U is  the  shock  velocity  and  p0  is  the  initial  den- 
sity, as  an  initiation  criterion. 

Macroscopic  models,  such  as  Walker  and  Wasley’s 
concept  of  critical  energy  fluence  and  Pastine, 
Bernecker  and  Bauer’s  (9)  concept  of  critical  thermal 
energy,  do  not  explicitly  address  the  point  that  the 
concentration  of  the  energy  in  hot  spots  is  essential 
to  initiation,  nor  its  consequence,  that  the  tempera- 
ture of  the  hot  spot  plays  a significant  role  in  the 
initiation  process.  It  seems  that  the  distribution, 
rather  than  the  density,  of  the  thermal  energy  should 
be  expected  to  be  decisive  in  the  initiation  process. 

To  relate  the  temperature  of  the  hot  spots  to  the 
shock-wave  parameters,  it  is  necessary  to  consider 
the  mechanisms  of  hot-spot  formation. 

Seely  (3)  has  postulated  the  following  mechanism 
of  hot-spot  formation: 

As  a shock  wave  propagates  through  a granular  ex- 
plosive, . . the  shocks  are  randomly  oriented 
within  the  grains.  On  leaving  the  grain  surfaces, 
the  shocks  cause  material  to  move  off,  and  because 
the  surfaces  are  randomly  oriented  to  each  other, 
this  material  interacts  in  various  ways,  producing 
jets  in  some  cases.  The  projected  material,  which 
apparently  must  be  broken  up  and  must  act  hy- 
drodynamically  rather  than  as  particles,  collides 
with  the  surface  directly  ahead.  ...  the  jetted 
material  stagnates  ...” 

Although,  as  Seely  points  out,  “the  actual  conditions 
are  difficult  to  calculate,”  stagnation  temperature,  in 
general,  is  proportional  to  the  square  of  the  velocity 
of  the  flow  which  is  stagnating.  The  mean  effective 
jet  velocity  should  be  proportional  to  the  particle  ve- 
locity change  at  the  shock  front,  thus  the  hot-spot 
temperature  rise,  T,,  can  be  expected  to  be  propor- 
tional to  the  square  of  the  particle  velocity  u imme- 
diately behind  the  shock  front: 

Ts  - Zu2  . (3) 

Other  suggested  mechanisms  of  hot  spot  for- 
mation, such  as  collision  of  the  walls  of  implosively 
collapsing  pores,  also  result  in  the  relationsliip  ex- 
pressed in  Eq.  (3).  The  notion  that  the  particle  veloc- 
ity plays  a decisive  role  in  the  determination  of  criti- 
cal conditions  for  shock,  initiation  is  supported  by 
data  given  by  Roth  (10).  He  showed  that  the  criti- 
cal particle  velocity  uc  immediately  behind  the  shock 
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front  was  nearly  independent  of  loading  density  for 
each  of  four  high  explosives.  Examination  of  the 
small-scale  gap-test  data  given  by  Bauer  ( 1 1 ) in  sup- 
port of  the  concept  of  a critical  thermal  energy,  Et, 
reveals  that  uc  varies  as  little  as  Et  for  a given  ex- 
plosive pressed  to  various  densities. 

Another  mechanism  for  the  concentration  of  en- 
ergy in  hot  spots,  proposed  by  Taylor  ( 1 2),  is  the 
plastic  work  done  upon  the  explosive  surrounding  the 
pores  as  the  pores  implosively  collapse  behind  the 
shock  front.  Taylor  derived  Eq.  ( 1)  by  using  this  as- 
sumption together  with  established  clastic,  rheological 
thermodynamic,  and  reaction  kinetic  relationships, 

MINIMUM  STIMULUS  INTENSITY 
FOR  INITIATION 

A number  of  workers  in  explosive  initiation  be- 
lieve, on  the  basis  of  intuition  or  empirical  evidence, 
that  some  minimum  shock  amplitude  must  be  exceed- 
ed before  reaction  can  be  ignited  with  sufficient  vigor 
to  grow  to  detonation.  Napadensky  (13)  conducted 
probably  the  largest  well-characterized  experiments  in 
which  shock  initiation  occurred  at  minimum  shock 
inputs.  In  experiments  in  which  a large  steel  plate  im- 
pacted a 76-tnm  diameter  cylinder  of  uncon  fined 
PBX-9404,  she  found  that  the  minimum  impact  ve- 
locity for  attainment  of  shock  initiation  during  the 
first  pass  of  the  wave  was  independent  of  the  im- 
pactor  thickness.  That  minimum  impact  velocity  was 
0. 1 8 km/s,  which  drove  a wave  with  P s 0.94  GPa, 
u = 0.16  km/s  into  the  PBX-9404,  and  detonation 
was  observed  after  10-26  qs  in  three  separate  experi- 
ments. 

In  the  same  sense  that  Pur  is  an  expression  of  en- 
ergy, Pu  is  an  expression  of  power.  If  it  is  accepted 
that  a minimum  shock  pressure,  Pm,  is  necessary  for 
initiation,  the  power,  Pmum=  rrm , associated  with 
this  minimum  can  be  assumed  to  be  that  necessary  to 
replace  the  losses  which  make  this  minimum  shock 
strength  necessary.  The  rate  at  which  energy  accu- 
mulates in  the  reaction  nucleus  is  thus  given  by 

f=Pu-rrm,  (4) 

which,  for  a square  input  pulse  of  duration  r,  inte- 
grates to 


E;  = (Pu-rrm)r.  (5) 


By  analogy,  Eq.  (1)  becomes: 

(P2  - P^)r  = constant  . (6) 

Each  of  the  mechanisms  we  have  discussed  for  the 
concentration  of  energy  at  hot  spots  involves  relative 
movement  with  respect  to  the  macrostructure  of  ma- 
terial adjacent  to  interstitial  pores.  That  relative 
movement  is  probably  related  to  the  excess  of  stress 
(or  strain)  beyond  the  failure  or  yield  point.  For 
pressed  powders  this  point  must  be  related  to  the 
pressure  used  in  consolidation,  which  may  be  several 
kilobars.  The  equation  derived  by  Taylor  (12)  for  the 
thermal  energy,  Wp,  deposited  as  a result  of  plastic 
deformation  of  the  explosive  surrounding  a pore  is 

Wp  = 3^(P-Y)2r,P>Y,  (7) 

where  r?  is  an  effective  coefficient  of  viscosity  and  Y 
is  the  pressure  at  which  pore  collapse  begins.  Taylor 
suggested  that  the  sensitivity  of  such  explosives  can  be 
characterized  in  terms  of  a critical  value  of  Wp.  In 
Eq.  (2),  this  yield  point  can  be  taken  into  account  in 
an  equation  of  the  form 
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(8) 


In  terms  of  the  heuristic  model  which  has  been 
described  herein,  the  shock  initiation  process  requires 
the  formation  of  hot  spots  and  subsequent  reaction  at 
a rate  sufficient  to  maintain  them.  The  formation  of 
hot  spots  requires  stresses  beyond  the  yield  point  and 
their  maintenance  requires  a minimum  rate  of  energy 
input.  Thus,  Eqs.  (5)  and  (8)  should  be  combined  as 

While  discussing  effects  of  the  mechanical  strength 
of  an  explosive  charge  on  initiation  processes,  we 
should  point  out  that  the  hot-spot  temperature  is  also 
affected.  If  we  denote  by  uy  the  particle  velocity  as- 
sociated with  elastic  deformation  of  the  explosive 
matrix,  only  the  velocity  difference  (u  -uy)  contri- 
butes significantly  to  the  movement  into  the  pores, 
so  Eq.  (3)  becomes 
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Ts  = Z(u-uy)2 *,  (10) 

where 

uy  = Y/p0c  (11) 

and  c is  the  longitudinal  sound  speed  of  the  explosive. 

INITIATION  CRITERIA  BASED  ON 
PARTICLE  VELOCITY 

The  only  difference  between  the  P2r  criterion  and 
critical  energy  fluence,  P2r/o0U,  is  the  shock  imped- 
ance terms  in  the  denomiiiator  of  the  energy  fluence 
expression.  Shock  impedance  varies  rather  slowly, 
and  initiation  threshold  data  usually  are  not  suffici- 
ently extensive  or  accurate  to  distinguish  which  of 
these  forms  more  closely  descril  os  the  data  in  the 
regions  where  both  provide  good  correlations  with 
observations.  We  .^ould  like  to  consider  a criterion 
of  the  basic  form  u2r,  which  corresponds  to  P2t/ 
PqU2  and  also  to  Tsr/Z. 

One  may  postulate  forms  corresponding  to  the 
piessure  criteria  which  are  written  instead  in  terms  of 
particle  velocity,  and  which  fit  the  data  equally  well. 
By  analogy  c~  i_.q.  (6)  we  may  write 


(3)  u^  terms  represent  spe;ific  kinetic  energies 
which  can  become  concentrated  in  pores  and  create 
hot  spots  upon  flow  stagnation. 

(4)  Based  on  Roth’s  (10)  and  Bauer’s  (1 1)  obser- 
vations discussed  previously,  a particle-velocity  jump 
criterion  has  a chance  to  describe  the  initiation  thresh- 
old of  a given  explosive  over  a range  of  loading  densi- 
ties, which  pressure  criteria  cannot  do. 

Indeed,  it  might  be  necessary  for  the  shock  pulse 
to  exceed  both  the  yield  condition  and  the  minimum 
power  level  discussed  in  connection  with  Eq.  (4).  If 
the  quantity  uy  were  subtracted  from  both  u and  um 
in  Eq.  (12)  to  account  for  the  yield  or  failure  condi- 
tion, the  criterion  would  become 

f(u-Uy)2  ~(um -uy)2]r  = constant, 

u>u„,  >Uy.  (14) 

Further,  if  we  assume,  following  de  Longueville,  et 
al.  (14),  that  the  hot-spot  temperature  T„  determines 
the  time  required  for  a thermal  explosion,  which  will 
develop  into  detonation,  to  occur,  the  expression  for 
the  critical  pulse  duration  xc  (15)  can  be  written  as 


(u2  - um)r  * constant , u > um  , (12) 

where  um  refers  to  the  minimum  value  of  f e par- 
ticle velocity  jump  behind  which  the  reaction  can 
grow  with  sufficient  vigor  to  lead  to  detonation.  Al- 
ternatively, by  analogy  to  the  Taylor  argument  (12). 
but  in  the  context  of  pore  clos-  as  mentioned  in 
connection  with  Eq.  (10),  we  may  postulate 

(u-uy)2r  = constant , u > uy  , (13) 

v.  *ere  uy  represents  the  yield  point  value  of  the  par- 
ticle - -locity  as  given  by  Eq.  (11).  Probably  u„,  >uy. 

Both  of  the  expressions  above  have  the  following 
desirable  characteristics: 

( 1 ) At  relatively  high  shock  strengths  such  that 
u » um  and  u » uy,  the  criteria  reduce  to  u2r«» 
constant. 


_ cvTs_ 

Tc=Wa 


(15) 


where  A and  Ta  * Ea/R  are  the  Arrhenius  frequency 
factor  and  activation  temperature,  respectively  (Ea  is 
the  activation  energy),  cv  is  specific  heat  at  constant 
volume  and  Q is  the  energy  of  reac*  .1.  With  T,  ex- 
pressed according  to  Eq.  (10),  Eq.  (15)  become 


r„  = 


cvZ 


— r (u-Uy)4  exp[Ta/Z(u-uy)23  .(16) 


Application  of  this  relation  requires  kinetic  data  on 
the  explorive  material  as  well  as  knowledge  of  the 
coupling  facto.  Z which  relates  kinetic  energy  tc  hot- 
spot temperature.  Thus,  while  we  are  not  ready  to 
test  Eq  (16)  as  an  initiation  criterion,  seme  data  are 
available  wliich  permit  examination  of  Eqs.  (5),  (6), 
(9).  (2  2),  (13)  and  (14). 


(2)  The  presence  of  the  um  and  uy  terms  provide 

that  the  shock  must  exceed  a certain  amplitude 

before  initiation  .vill  occur,  as  discussed  above. 


With  algebraic  manipulation,  Eq.  (5)  can  be  shown 
to  be  that  of  an  hyperbola  in  coordinates  of  energy 
fluence  E (where  E = Pur)  and  power  flux  n (where  rr 


71 


r 


1 


t 

I 


= Pu),  with  asymptotes  of  Eg  and  irm.  The  hyperbola 
can  be  readily  recognized  when  Eq.  (5),  is  rewritten 
as 

(E  - E^)  (tt  - ?rm)  = E'crrm  . (17) 

Similarly,  Eq.  (6)  is  an  hyperbola  in  coordinates  of 
P27  and  P2,  Eqs.  (7),  (8),  (10),  and  (12)  are  also  hy- 
perbolas in  appropriate  coordinate  systems  and  Eq. 

(9)  and  (14)  are  those  of  generally  hyperbolic  curves 
(although  proof  that  they  are  hyperbolas  as  strictly 
defined  is  not  immediately  obvious).  This  hyper- 
bolic relationship  between  the  magnitude  of  a critical 
stimulus  for  initiation,  defined  as  the  time  integral  of 
a rate,  and  that  of  the  rate  is  a consequence  of  the  as- 
sumption that  the  threshold  conditions  for  initiation 
are  those  for  equilibrium  between  energy  liberated  by 
the  reaction  and  that  lost  by  dissipative  processes.  Ob- 
servations which  have  been  made  of  the  wide  applica- 
bility of  such  relationships  to  explosive  initiation  phe- 
nomena (16-19)  may  be  taken  as  empirical  justifica- 
tion for  this  view. 

COMPARISON  OF  INITIATION 
CRITERIA  WITH  DATA 

The  minimum-stimulus  criteria  proposed  above  ex- 
hibit asymptotic  behavior.  As  the  pulse  duration  is 
extended  indefinitely,  the  required  value  of  pressure, 


power  or  particle  velocity  approaches  its  minimum 
value  Y,  7rm,  um  or  uy,  respectively.  As  the  shock 
pressure  is  increased,  the  effect  of  the  minimum  sti- 
mulus is  reduced  and  the  criteria  more  closely  ap- 
proach the  critical  energy  fluence  form,  in  the  case  of 
Eqs.  (5)  and  (9),  and  P2t  and  u2r  forms  in  the  other 
cases.  Thus,  the  critical  energy  would  be  expected  to 
be  least  at  high  shock  pressures  and  to  increase  as  the 
pressure  is  decreased.  Such  behavior  has  been  ob- 
served by  de  Longueville  etal.  (14)  for  homogeneous 
arid  some  heterogeneous  explosives. 

In  the  preceding  discussion,  the  shock  parameters 
u and  P have  been  treated  as  single-valued  quantities 
rather  than  as  functions  of  time,  as  they  might  be  in 
real  systems.  The  criteria  may  be  adapted  to  more 
general  input  pulses,  but  this  is  not  done  here  in  the 
interest  of  brevity.  In  seeking  to  compare  the  behav- 
ior of  various  existing  and  proposed  criteria  with  that 
of  data  defining  the  initiation  threshold,  we  found 
that  the  only  data  with  well-characterized  loading  his- 
tories are  for  step  input  pulses.  Close  examination  of 
available  data  revealed  that  the  widest  range  of  useful 
information  on  initiation  of  detonation  existed  for  the 
heterogeneous  explosive  PBX-9404  (20). 

Table  1 contains  the  PBX-9404  data  base  which  we 
considered  for  purposes  of  comparing  the  various  ini- 


TABLi:  X 

Initiation  Parameters  Near  Detonation  Threshold,  for  1.84  Mg/m^  FBX-94o4 
(Y  = 0.1  GPa,  Jm  =»  0.7  GPa) 


F 

(GPa) 

T 

(us) 

P2t 

(GPa2  - us) 

Put 

(kPa-m) 

C(u-uy)2-(um-i 

(lO-SkmS/, 

12.2 

0.035 

5.21 

569. 

598. 

10.8 

0.048 

5.60 

635. 

690. 

10.2 

0.042 

4.37 

504. 

556. 

9.0 

0.065 

5.26 

630. 

718. 

8.1 

0.07o 

4.79 

596. 

695. 

8.0 

i 0.090 

5.76 

713. 

836. 

7.4 

0.088 

4.82 

609. 

727. 

4.5 

0.139 

2.81 

4o4. 

526. 

3.7 

0.28 

3.83 

572. 

760. 

3.72 

700. 

< 0. 

Response 

Ref. 

Threshold 

(4) 

Threshold 

(4) 

Threshold 

(4) 

Threshold 

(4) 

Go 

(22) 

Threshold 

(5) 

Threshold 

(4) 

Go 

(22) 

Go 

(23) 

No  Go 

(13) 

i 

S 

I 

! 


1 


4 

'I 

i 
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I 

1 

I 

'1 

i 
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3.72 


< 0. 


No  Go 


tiation  criteria.  The  data  marked  “threshold”  are 
conditions  intermediate  between  a closely  spaced  pair 
of  “go”  and  “no  go”  experiments.  The  other  condi- 
tions are  considered  to  be  marginal  “go”  or  “no  go” 
results.  Certain  data  have  not  been  used  because  the 
sample  thickness  was  too  small  to  determine  thresh- 
old conditions,  e.g.,  in  Liddiard’s  underwater  tests 
(21)  which  led  to  a burning  reaction,  the  samples 
were  not  thick  enough  to  run  to  detonation.  Trott 
and  Jung’s  data  (5)  below  8 GPa  were  also  rejected. 
Their  values  of  the  threshold  pulse  duration  were 
much  larger  than  those  of  Green  et  al.  (22)  and 
Kennedy  and  Nunziato  (23)  in  the  region  of  3-5  GPa, 
apparently  for  the  same  reason. 

We  were  unable  to  use  long-duration  loading  infor- 
mation in  any  way  which  would  permit  consistent  es- 
timates of  the  pulse  duration  required  for  threshold 
initiation.  Thus  a datum  point  by  Napadensky  (13) 
indicating  shock  initiation  of  detonation  with  a sus- 
tained input  of  0.94  GPa  was  used,  together  with  her 
0.61  GPa  result  (which  we  called  a “no  go”  because 
detonation  occurred  only  after  wave  reflections  and 
crushup  of  the  explosive)  only  to  estimate  that  the 
minimum  pressure  Pm  for  shock  initiation  of  PBX- 
9404  is  ~ 0.7  GPa.  We  estimated  that  the  yield 
strength  is  equal  to  the  pressure  used  in  compacting 
the  pressing,  0.1  GPa. 

In  Table  1,  we  have  included  two  existing  criteria, 
P2r  and  Pur  (7)  and  one  of  the  minimum-stimulus 
criteria.  We  chose  to  use  the  form  in  Eq.  (14), 

[(u  - uy)2  - (um-  uy)2]  r,  because  it  is  the  most  gen- 
eral particle-velocity  criterion  we  have  proposed.  In 
comparing  the  representation  of  threshold  data  by  the 
criteria,  we  note  that  the  relative  spread  between  max- 
imum and  minimum  values  is  slightly  less  for  [(u  - uy)2 
- (um-  uy)2]  r than  for  P2r  of  Pur.  But  the  most  in- 
teresting point  is  that  use  of  the  minimum  stimulus  of 
Pm  = 0.7  GPa  causes  a well-defined  prediction  of  fail- 
ure for  the  0.61  GPa  experiment,  while  failure  cannot 
be  predicted  from  the  P2r  or  Pur  values  for  that  ex- 
periment. 

We  do  not  claim  that  this  comparison  shows  that 
[(u  - uy)2  - (u 

m uy  )2]  r is  a better  initiation  crit- 
erion than  critical  energy  fluence  or  P2r  for  PBX- 
9404  or  other  explosives.  It  appears  that  [(u  — uy)2  — 
(um  — uy)2]r  and  the  other  forms  of  minimum- 
stimulus  criteria  can  do  essentially  as  well  as  the  exist- 


ing criteria,  and  thus  are  worthy  of  further  study. 

The  minimum  stimulus  criteria,  even  if  physically  well 
well-founded,  will  be  of  practical  value  only  if  a rath- 
er genera]  method  can  be  found  for  evaluation  of  the 
yield  parameters  and  minimum  power  for  initiation. 


CONCLUDING  REMARKS 

The  real  value  of  minimum-stimulus  initiation  crit- 
eria may  lie  in  their  close  tics  with  physical  models 
of  the  processes  which  control  reaction  development. 
The  work  of  Howe  et  al.  (24)  points  to  ignition  at  hot 
spots  followed  by  grain  burning  as  the  dominant  en- 
ergy-releasing mechanism  in  the  shock  buildup  to  de- 
tonation. Analysis  of  ignition  might  be  done  by  ba- 
lancing heat  transfer  losses  against  reaction  energy, 
and  buildup  can  be  considered  as  an  interplay  be- 
tween cooling  due  to  the  release  wave  and  heat  con- 
duction into  grains  and  adiabatic  self-heating  ,due  to 
surface  burning.  These  processes  involve  certain  phy- 
sical properties-the  porosity,  particle  size  (specific 
surface),  and  the  explosive’s  mechanical  strength, 
which  is  related  to  the  compaction  pressure-and  che- 
mical properties,  e.g.  the  burning  rate  law  and  amount 
of  gas  generation  per  unit  of  reaction. 

Some  comprehensible  reversals  in  behavior  pat- 
terns results  from  these  interactions.  It  is  well  known 
that  fine-particle  powders  are  often  harder  to  ignite 
than  coarse  powders,  but  reactions  in  fine  powders 
grow  to  detonation  more  rapidly  once  ignited.  The 
fine  powders  thus  may  have  a higher  value  of  Pm  be- 
cause of  their  high  compaction  pressure,  which  must 
be  exceeded,  and  high  energy  losses  into  the  particle 
surfaces.  But  they  can  have  a lower  value  of  Ec. 

TNT  pressed  to  1.55  Mg/m3  showed  such  behavior  in 
work  by  Taylor  and  Ervin  (25).  This  behavior  is  also 
exhibited  in  Fig.  1 using  data  from  gap  tests  of  vari- 
ous charge  diameters,  hence  various  pulse  duration, 
generated  by  the  Stresau  Laboratory  (26,  27)  for 
PBXN-5  of  both  fine  and  coarse  granulations.  These 
interchanges  are  directly  related  to  the  parameters  of 
the  minimum-stimulus  criteria. 

We  are  presently  developing  a data  base  on  initia- 
tion of  pressed  explosives  by  arbitrary  shock  pulses 
through  computer  studies  of  gap  tests  of  various 
types,  and  plan  to  use  these  data  to  test  the  applicabi- 
lity of  the  various  forms  of  these  criteria. 
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Fig.  1 . Crossover  in  sensitivity  to  gap-test  peak  shock 
pressure  P0  for  1.80  Mg/m3  PBXN-5  (HMX/Viton  A, 
95/5  by  weight)  of  two  particle  size  distributions. 
Here  r denotes  the  computed  time  for  pressure  to  de- 
cay to  P0/e.  The  curves  suggest  that  Pm  is  smaller  for 
coarse  than  for  Pine  powder  (at  large  r),  but  Ec  is 
smaller  for  fine  than  for  coarse  powder  (at  small  t). 
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' Existing  data  on  the  growth  of  shocks  in  the  explosive  PBX-9404  are  combined 
with  thermodynamically  complete  equations  of  state  for  the  unreacted  high  explo- 
sive and  for  the  completely  reacted  high  explosive  to  deduce  the  chemical  reaction 
rate  behind  the  shock.  Such  rate  information  allows  wave  propagation  calculations 
on  shock  initiation  of  that  high  explosive;  these  calculations  lead  to  a detonation 
criterion  based  on  shock  heating  and  subsequent  thermal  explosion  at  the  impact 
interface.  A separate  analytical  calculation  of  the  thermal  explosion  time  as  a func- 
tion of  initial  shock  pressure  leads  to  a criterion  of  the  well-known  form,  Pnt  = 
const.,  with  n about  equal  to  2.  The  effect  that  accounting  for  the  actual  hetero- 
geneous shock  heating  would  have  on  these  results  is  discussed. 


using  this  model,  substantially  different  results  will 
be  achieved  when  calculating  an  initiation  criterion 
for  a pressure  pulse  which  is  not  square. 


INTRODUCTION 

For  the  explosive  PBX-9404,  introduction  of  a 
plane  shock  wave  of  pressure  amplitude  P and  pulse 
duration  t will  lead  to  a detonation  whenever  the  prod- 
uct P2t  exceeds  some  critical  value  ( 1 ).  In  the 
approximation  that  shock  impedance  of  the  explo- 
sive is  constant,  the  product  P2t  has  been  shown  to  be 
proportional  to  the  energy  fluence  transmitted  to  the 
explosive.  Hence,  critical  energy  fluence  has  been  pro- 
posed as  a detonation  criterion. 

We  have  examined  an  alternate  hypothesis,  namely, 
that  shock  initiation  has  its  origin  in  shock  heating  and 
and  subsequent  thermal  explosion  at  or  near  the 
boundary  where  the  plane  shock  is  introduced  by  thin 
flyer  impact.  The  results  of  this  study  indicate  that, 
for  the  explosive  PBX-9404,  n must  be  chosen  about 
equal  to  2 in  a shock  initiation  criterion  of  the  form 
P"t  = const.  Thus,  our  result  is  essentially  in  agree- 
ment with  the  previous  model  on  shock  initiation  by 
short  duration,  square  pressure  pulses.  However,  by 

♦ This  work  was  supported  by  the  U.S.  Energy  Research  and 
Development  Administration. 


This  study  has  three  important  parts: 

1 . Development  of  a constitutive  relation  for 
chemically  reacting  materials.  To  develop  such  a 
constitutive  relation,  we  must  have  thermodynamically 
complete  equations  of  state  for  the  solid  unreacted 
high  explosive  and  for  the  reacted  products.  In  addi- 
tion, it  is  necessary  to  make  an  assumption  which 
allows  definition  of  the  rules  describing  the  thermo- 
dynamic properties  of  a mixture  of  unreacted  solid 
and  reacted  gas  for  those  instances  when  the  high 
explosive  is  partially  reacted. 

2.  information  on  the  kinetic  rate  governing  the  , 

chemical  reaction.  Kennedy  has  measured  the  spon- 
taneous growth  of  pressure  at  the  impact  interface  in  i 

the  explosive  PBX-9404  (2).  We  have  used  those  S 

results  in  conjunction  with  both  our  constitutive  | 

relation  for  chemically  reacting  materials  and  with  j 

the  theory  of  shock  propagating  in  Maxwellian  ma-  j 

terials  to  determine  the  chemical  reaction  rate  j 
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immediately  behind  the  shock.  This  experimentally 
based  chemical  reaction  rate  is  the  one  which  is  used 
in  subsequent  calculations. 

3.  Development  of  an  analytical  model  for  shock 
initiation.  In  essence,  it  is  assumed  that  the  shock 
passage  heats  the  high  explosive  which  subsequently 
thermally  explodes.  The  criterion  is  that  this  heated 
region  must  thermally  explode  before  the  arrival  of  a 
release  wave  which  would  cool  it  and  hence  quench 
the  reaction.  Certain  approximations  are  used  to 
show  that,  for  a criterion  of  the  form  P”t  = const.,  n 
should  be  chosen  about  equal  to  2.  That  is  in  agree- 
ment with  what  has  been  previously  observed  in 
initiation  of  the  explosive  PBX-9404  by  square  pres- 
su  > pulses. 


CONSTITUTIVE  RELATION 

We  have  developed  a semienipirical,  analytical, 
free-energy  function  to  describe  unrcacted  PBX-9404. 
The  analytical  form  that  we  have  chosen  for  the 
Helmholtz  free  energy  as  a function  of  temperature 
and  volume  is  shown  in  Eq.  1. 

f(t,  v)  = cv|cr-T0)(i  +~(V0  - V) 


The  first  assumption  is  that  the  specific  heat  at  con- 
stant volume  remains  constant.  The  second  assump- 
tion is  that  Griineisen’s  ratio  divided  by  specific 
volume  is  constant.  Thermodynamic  compatibility 
of  second  derivatives  in  conjunction  with  these  first 
two  assumptions  requires  that  the  isothermal  bulk 
modulus,  K-j-,  be  a function  of  volume  only.  We  have 
chosen  the  function  of  volume,  as  shown  in  Eq.  2,  so 
that  the  reference  isotherm  would  have  the  form  of  a 
Murnaghan  solid.  Hence,  specifying  five  parameters, 
Cy0>  (t/V)o>  Vo.  Kt0,  and  N,  uniquely  defines  the 
Helmholtz  free  energy.  Unfortunately,  available 
thermodynamic  properties  are  in  a form  which  is  not 
directly  usable.  For  instance,  what  is  available  is  in- 
formation on  the  thermal-expansion  coefficient  at 
zero  pressure  and  the  specific  heat  at  constant  pres- 
sure, C|>  (3).  In  addition,  the  experimentally  deter- 
mined shock  Hugoniot  for  unreacted  PBX-9404  is 
available  (4).  We  obtained  our  five  parameters  from 
the  above  information  in  the  following  way:  Consider 
the  two  thermodynamic  identities 

“C,,  -«KS  (3a) 

and 

CP  = Cv(l +«7T).  (3b) 


1 kt„vo 


This  analytical  form  was  actually  arrived  at  by  assum- 
ing specific  functional  forms  for  three  second- 
derivatives  of  the  Helmholtz  free  energy,  and 
obtaining  Eq.  1 through  integration.  The  analytical 
forms  given  in  Eq.  2 completely  define  those  three 
second-derivatives: 


Cv 


c const. 


(2) 


At  reference  conditions,  Ks  can  be  determined  from 
the  intercept  of  the  shock  Hugoniot  at  zero  pressure 
in  the  shock-velocity/particle-velocity  plane.  Thus  at 
reference  conditions  all  quantities  in  Eq.  3a  required 
for  calculating  (y/V)  are  known.  From  this  value  of 
(■y/V),  Eq.  3b  can  be  used  to  evaluate  Cv  at  reference 
conditions.  The  procedure  thus  far  is  sufficient  to 
determine  four  of  the  parameters.  However,  we  need 
to  specify  the  value  of  the  fifth  parameter,  N.  That 
was  done  by  calculating  the  shock  Hugoniot  for  vari- 
ous values  of  N and  finding  that  value  of  N which 
most  closely  reproduced  the  known  shock  Hugoniot 
of  the  form  (4): 

U ■ 0.269  + 1.72  u (cm/jus).  (4) 

Tils  procedure  gives  us  the  following  five  parameters: 

V0  = 0.5435  cm3/g 

KTo  ■ 0.126  Mb 
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(6) 


Cy0  = 1.11  X 10~5cm2/ps2/K 

-^r  = 1.976  g/cm3 
N = 5.6 


2 • , KS.x 


P = aS > + 


VC, 


P.  x 


r /3e\  /bv 

AV[— ! -AE(— 

x \aT/P, xj 


L"H, 


The  well-known  JWL  equation  of  state  is  available 
for  the  gaseous  products  of  the  explosive  PBX-9404 
(3).  Its  shortcoming  for  this  study  is  that  it  is  a 
(P,  V,  E)  equation  of  state,  hence  thermodynamically 
incomplete.  We  have  extended  it  to  thermodynamic 
completeness  by  assuming  constant  specific  heat,  Cy. 
When  this  is  done,  the  following  expressions  for 
thermodynamic  quantities  result: 

Cv  = const. 

W = const.  (7  - Grllneisen’s  ratio  in 
our  notation) 

2 (5) 

Ks  = (1  +W)P  - £a,(1  -RjVtW) 
i=l 


exp  (-  RjV). 


In  these  equations,  standard  JWL  notation  has  been 
retained  (3). 

The  process  of  shock  initiation  of  high  explosives 
is  known  to  be  closely  related  to  the  production  of 
hot  spots  or  hot  regions  within  the  shocked  solid. 
Hence,  initiation  depends  strongly  upon  the  hetero- 
geneous nature  of  the  temperature  distribution.  In 
the  analysis  which  follows,  an  assumption  of  homo- 
geneity of  the  shocked  state  must  be  made  since  we 
have  no  information  about  the  nature  of  that  tempera- 
ture distribution.  The  procedure  here  will  be  to 
make  an  incorrect  assumption,  that  is,  one  of  tempera- 
ture uniformity  in  the  shocked  solid,  and  then  dis- 
cuss the  kinds  of  errors  which  are  thereby  introduced 
in  the  analysis. 


All  of  the  symbols  in  Eq.  6 have  their  usual  thermo- 
dynamic meaning.  The  symbol  x denotes  the  mass 
fraction  of  chemically  reacted  material.  Thus,  when 
x = 0,  the  material  is  in  the  unreacted  state.  The 
quantity  AV  is  the  difference  between  the  specific 
volume  of  the  gaseous  products  and  the  specific 
volume  of  the  solid  while  as  x denotes  the  isentropic 
sound  speed  for  the  frozen  mixture. 


KINETICS  OF  THE  CHEMICAL  REACTION 

Kennedy  (2)  has  used  the  front  and  back  quartz- 
gauge  technique  to  study  pressures  at  the  impact  and 
downstream  surfaces  in  the  explosive  PBX-9404.  Of 
particular  interest  are  the  measurements  which  he 
reported  on  the  pressure  variation  after  impact  at  the 
impact  interface.  Kennedy’s  experimental  results  are 
used  here  to  evaluate  the  time  rate  of  change  of  pres- 
sure at  the  impact  rime  and  the  impact  interface. 

The  equation. 


(?) 


fits  the  initial  pressure  variation  over  nearly  four 
decades  in  the  pressure/time  derivative. 


It  is  a well-known  approximation  (6)  that,  neglec- 
ting hydrodynamic  attenuation  because  of  nonzero 
pressure  gradients  behind  shock  fronts,  shocks  grow 
or  decay  in  Maxwellian  solids  according  to 


DP 

Dt 


(8) 


Kirkwood  and  Wood  (5)  have  developed  a consti- 
tutive relation  for  a mixture  of  unreacted  and  reacted 
high  explosive  under  the  condition  that  the  constit- 
uents of  this  mixture  are  at  equal  temperature  and 
equal  pressure.  The  mixture  is  not  assumed  to  be  in 
thermodynamic  equilibrium.  That  constitutive  rela- 
tion is  given  as  Eq.  6. 


where  the  operator  D/.  .,  is  the  time  derivative  along 
the  shock  front  which  is  assumed  to  lie  along  a C+ 
characteristic  and  Fx  is  the  last  term  on  the  righthand 
side  of  Eq.  6.  Assuming  that  the  pressure  wave  grows 
along  a single  growth  curve  (i.e.,  as  a growing  square 
wave),  an  assumption  which  was  used  by  Kennedy 
and  later  expounded  by  Cowperthwaite  (7),  it  is 
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obvious  that  the  pressure  growth  rate  along  the  shock 
front  must  equal  the  pressure  growth  rate  at  the 
impact  interface.  We  only  need  to  apply  this  result 
at  early  times  to  get  an  estimate  of  the  initial  chemical 
reaction  rate  at  impact  time.  Eq.  9 shows  the  way  in 
which  the  chemical  reaction  rate  was  deduced  using 
this  analysis. 

x = ^ P3  (g,  cm,  /as)  (9) 


rate  along  the  shock  Hugoniot  for  the  unreacted  ex- 
plosive (i.e.,  for  x = 0).  For  these  results  to  be  useful, 
it  is  necessary  to  know  the  chemical  reaction  rate 
at  all  possible  states,  including  those  different  from 
x = 0,  so  we  arbitrarily  extend  the  measured  chemical 
reaction  rate  information  to  all  degrees  of  reaction  by 
assuming  that  the  reaction  rate  is  zeroth  order  and  is 
a function  of  temperature  only  as  shown  in  Eq.  10. 

x(x,T)  s x(0,T).  (10) 


where  F is  calculated  from  the  constitutive  equation. 
It  should  be  emphasized  that  the  values  of  x obtained 
from  Eq.  9 are  inferred  from  experiment.  Fig.  1 
shows  those  values  of  chemical  reaction  rate,  x,  versus 
the  reciprocal  of  the  average  shock  temperature. 

Since  experiments  were  conducted  at  pressures  below 
5 GPa,  the  chemical  reaction  rates  for  shock  tempera- 
tures in  excess  of  about  425  K must  be  obtained  by 
extrapolation  of  Eq.  9.  That  extrapolation  is  also 
shown  in  Fig.  1 . 


ANALYTICAL  MODEL  FOR  SHOCK  INITIATION 

Using  the  techniuqcs  outlined  in  the  previous 
section,  we  are  able  to  calculate  the  chemical  reaction 


p-GPa 


1000/T  - K 


Fig,  1.  The  measured  chemical  reaction  rate  behind 
the  shock  front.  Also  shown  is  an  Arrhenius  fit  in 
the  region  where  data  were  taken. 


The  constitutive  equation,  Eq.  6,  and  the  kinetic 
equation,  Eq.  10,  are  sufficient  to  allow  calculation 
of  shock  initiation  of  PBX-9404.  That  has  been 
accomplished  by  means  of  finite-difference,  wave- 
propagation  calculations  using  established  techniques 
(8).  Numerous  calculations  on  the  shock  initiation 
of  PBX-9404  have  been  performed  during  the  course 
of  this  study  but  will  not  be  reported  in  detail  here. 
What  was  seen  in  the  calculations  was  that  for  low- 
impact  stress,  in  order  to  achieve  a detonation,  the 
flyer  plate  producing  the  shock  had  to  be  of  sufficient 
thickness  to  prevent  a rarefaction  from  reaching  the 
impact  interface  before  the  completion  of  reaction  at 
that  interface  (9).  If  the  flyer  plate  was  thin  enough, 
rarefactions  arrived  before  that  time  and  cooled 
hence  quenched-the  reaction.  Of  course,  reaction 
completion  did  not  constitute  immediate  detonation 
in  the  calculations,  since  the  pressure  produced  at  the 
instant  of  completion  lies  approximately  at  the  point 
on  the  Hugoniot  for  the  reacted  products,  where  the 
impactor  Hugoniot  crosses  in  the  pressure/particle- 
velocity  plane.  Nonetheless,  reaction  completion  was 
always  seen  as  the  first  step  in  a complicated  sequence 
of  building  and  overtaking  waves  culminating  in  a 
steady  detonation. 

In  summary,  we  have  a detonation  criterion  in 
which  the  explosive  is  shock  heated.  The  reaction  pro- 
ceeds in  the  heated  region,  liberating  additional  heat 
and  hence  increasing  the  temperature.  The  process 
proceeds  in  an  accelerated  manner.  At  a time  ap- 
proximately equal  to  the  thermal  explosion  time, 
reaction  completion  is  achieved.  If  the  pressure  is 
released  before  reaction  completion,  in  this  simple 
model  we  will  fail  to  achieve  initiation  of  detonation. 

We  can  be  quantitative  with  the  above  model 
since  all  the  necessary  ingredients  to  perform  such  a 
calculation  are  at  hand.  The  well-known  Todes 
formula  relates  the  thermal-explosion  time,  t,  to  the 
initial  temperature,  T0,  to  the  total  temperature  rise 
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associated  with  the  chemical  reaction,  AT,  and  to  the 
coefficients  which  appear  in  the  Arrhenius  kinetic 
law,  the  frequency  factor,  A,  and,  the  activation 
temperature,  E°/k.  Todes  formula  is  shown  in  Eq.  11. 


t = 


AAT(E  /k) 


exp 


E°/kT0 


(ID 


In  order  to  apply  Eq.  1 1,  the  chemical  reaction  rate 
must  have  the  Arrhenius  form.  However,  the  chemi- 
cal reaction  rate,  x,  is  not  described  well  by  the  Arr- 
henius form  over  a large  temperature  range.  In  the 
region  covered  by  experiments,  however,  one  can  fit 
a straight  line  on  the  data  and  that  is  shown  in  Fig.  1 


experiments,  the  discrepancy  is  fairly  large  for  higher 
temperatures.  Fig.  2 shows  the  thermal-explosion 
time  calculated  using  the  measured  and  the  extra- 
polation of  the  measured  chemical  reaction  rate. 

Note  that  the  two  calculations  bracket  the  observed 
result  (1)  that  P2t  = 5.5  GPa2  ps. 


It  is  of  interest  to  carry  the  approximation  of  Eq. 

1 1 one  step  further.  Since  the  shock  temperature 
and  shock  pressure  are  nearly  linearly  related,  we  can 
estimate  n in  a criterion  of  the  form  Pnt  = const. 


- d log  t 
d log  P 


(12) 


From  Eq.  1 1 we  can  estimate  the  value  of  P2t 
necessary  to  initiate  PBX-9404  using  our  model  and 
the  following  data:  at  5 GPa,  the  shock  temperature 
is  421  K according  to  our  calculations.  The  adiabatic, 
constant-volume  burn  temperature,  as  calculated  front 
our  complete  equation  of  state,  is  2280  K. leading  to 
a value  for  AT  of  1980  K.  In  the  vicinity  of  5 GPA, 
the  reciprocal  of  the  slope  of  the  straight  line  fit  in 
Fig.  1 is  3940  K,  hence  the  time  to  thermal  explosion 
as  calculated  by  Eq.  11  is  0.1 4 /as.  Accordingly,  the 
critical  value  of  P2t  is  calculated  to  be  3.4  GPa2  p s. 
This  is  in  surprisingly  close  agreement  with  the 
observed  value  of  5.5  GPa2  /as.  Values  of  thermal 
explosion  time  versus  shock  pressure  are  plotted  in 
Fig.  2. 


The  quantity  T00  is  room  temperature.  As  is 
obvious  from  Fig.  2,  n is  nearly  equal  to  2 for  a large 
range  of  shock  pressure  in  agreement  with  what  is 
calculated  by  using  Eq.  12.  However,  Eq.  12  predicts 
that  for  a material  with  a larger  apparent  activation 
temperature,  E°/k  (i.e.,  a stronger  variation  of  x with 
T0),  the  value  of  n in  a criterion  of  the  form  I^t  = 
const,  will  be  larger  than  2. 

DISCUSSION 

It  is  widely  recognized  that  shock  heating  of  solids 
does  not  produce  homogeneous  heating.  Rather,  be- 
cause of  heterogeneous  plastic  flow  associated  with, 
for  instance,  shear  banding,  certain  regions  of  a 
shocked  solid  are  preferentially  heated. 


Although  the  Arrhenius  equation  fits  the  reaction 
rate  data  fairly  well  in  the  same  region  as  Kennedy’s 


Fig.  2.  Calculated  and  measured  values  of  P2t  for  the 
explosive  PBX-9404. 


We  can  examine  the  nature  of  the  constitutive 
equation  for  a mixture  of  two  components  of  the 
same  material  at  different  temperatures  in  the  fol- 
lowing way.  Let  the  subscript  1 denote  regions 
which  are  cold  and  let  the  subscript  2 denote  regions 
which  are  hot.  Then  the  following  relations  must 
hold: 

Pi  = K,e,  + FjX! 

(13) 

f2  = K2e2  + F2x2  . 

We  have  changed  the  density  variable,  p,  in  Eq.  (6) 
to  strain,  e,  in  an  attempt  to  condense  the  notation 
in  the  following  analysis.  Eq.  (14)  shows  how  the 
total  strain,  e,  is  related  to  the  strain  in  each  region, 
while  Eq.  (15)  shows  the  way  that  the  average  chemi- 
cal reaction  rate  is  related  to  the  reaction  rates  in 
those  regions. 
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w j Cj  + w2e2 

(14) 

wlxl  + W2X2 

(15) 

The  variable  w denotes  mass  function.  Assume  that 
Xj  = 0;  that  is,  in  the  cold  regions  the  chemical  reac- 
tion is  not  proceeding.  We  can  develop  the  constitu- 
tive relation  for  the  entire  mixture.  Combining  Eqs. 
13,  14,  and  15  with  the  assumption  P]  = P2,  we  ob- 
tain the  following  result. 

P = Ke  + Fx 


treatment  of  preferential  shock  heating  would  lead  to 
a much  larger  variation  of  shock  temperature  with 
pressure  in  the  hot  regions  than  is  calculated  by  the 
homogeneous  calculation.  Such  a variation  would 
lead  to  proportionately  larger  values  of  T0,  A,  and  E°/ 
k in  Eq.  1 1.  These  larger  values  could,  when  used  in 
Eq.  11,  lead  to  similar  values  for  the  thermal  explo- 
sion time,  t.  At  the  same  time  a larger  value  of  E°/k 
would  explain  the  large  discrepancy  between  activa- 
tion temperatures  observed  in  shock  loading  and 
observed  in  zero-pressure  thermal-explosion  experi- 
ments. 


± _ Wl_ 

K " Kj  + K2 


(16) 


Equation  16  shows  that  a two-temperature  mixture 
of  constituents,  with  one  component  reacting,  is 
describable  as  a Maxwell  solid.  That  result  is  useful 
in  interpreting  the  previous  calculation  of  the  chemi- 
cal reaction  rate.  The  values  of  chemical  reaction 
rate  deduced  previously  depended  upon  the  func- 
tions K and  especially  on  F.  We  have  evaluated  the 
functions  F and  K for  a variety  of  temperatures  and 
volumes,  and  they  are  relatively  insensitive  to  tem- 
perature variation.  In  fact,  varying  the  temperature 
by  an  order  of  magnitude  causes  variations  in  the 
functions  of  K and  F of  much  less  than  a factor  of  2. 
Hence,  if  temperature  differences  in  region  1 and  2 
are  less  than  an  order  of  magnitude,  the  chemical 
reaction  rate  deduced  from  the  functions  K and  F 
evaluated  using  the  average  temperature  rise  will  cer- 
tainly be  within  a factor  of  2 those  which  would  be 
calculated  based  upon  the  correct  temperature  distri- 
bution. 

We  conclude  that  the  calculation  of  the  chemical 
reaction  rate,  x,  in  this  study,  is  probably  correct  in 
an  absolute  sense  although,  strictly  speaking,  it  results 
from  a small  fraction  of  the  material,  w2,  which  is 
reacting  at  a much  higher  rate,  x2  with  the  product  of 
w2  and  x2  equalling  x.  If  we  had  information  on  w2, 
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DISCUSSION  ON  SHOCK  INITIATION  AND  P*r 


(SESSION  I) 


1.  COMMENTS  BY  F.  E.  WALKER,  LAWRENCE  LIVERMORE  LABORATORY 

Several  misconceptions  regarding  the  critical  energy  concept  and  shock  initiation  have  appeared  in  tbe  writ- 
ing and  the  discussions  on  this  topic.  It  may  be  appropriate  at  this  time  to  review  the  development  of  this  con- 
cept and  the  assumptions  and  factors  which  affect  its  application. 

As  shown  in  the  original  publication  (1),  the  critical  energy  criterion  was  shown  to  provide  a very  good  cor- 
relation of  several  sets  of  data  on  the  shock  initiation  of  solid  explosives.  It  was  observed  that  initiation  or  non- 
initiation in  PBX-9404,  LX-04,  and  TNT  correlated  very  well  with  the  kinetic  energy  of  a flying  foil  or  plate  that 
impacted  the  test  explosive.  The  data  could  be  plotted  as  a hyperbolic  function  as  shown  in  Figure  la  or,  analog- 
ously, as  a function  of  shock  wave  pressure  P and  duration  t,  as  shown  in  Figure  lb.  (These  are  representative 
plots  to  illustrate  the  analogy.)  Algebraically  and  physically  P and  V are  directly  related,  as  are  m and  t. 

The  critical  energy  equation  was  derived  from  the  kinetic  energy  expression  Ec  = mV2/2  where  Ec  was  the 
critical  plate  kinetic  energy  for  initiation  in  the  original  data  sets  discussed  (1).  Substitution  of  the  following 
relationships  - in  = Apw,  t = 2w/Us,  P - Po  = pUsUp,  and  V = 2U_  - gave  Ec  = AtP2/pUs  and,  for  a unit  area, 

Ec  = tP2/pUs.  Since  for  each  specific  explosive  p is  a constant  and  Us  changes  slowly  with  P,  the  equation  can  be 
written  as  Ec  = aP2t,  where  a is  a constant.  In  fact,  this  P2t  relationship  was  pointed  out  by  the  author  in  early 
discussions  of  the  critical  energy  concept.  It  was  also  pointed  out  very  soon  that  unless  the  explosive  was  well 
characterized  the  confidence  limits  were  fairly  wide,  and  even  with  very  well  characterized  HEs  the  usual  initia- 
tion probabilities  as  seen  in  gap  tests,  drop  hammer  tests,  etc.  must  be  considered. 

There  were  several  assumptions  that  seem  obvious  in  the  application  of  the  critical  energy  concept,  but 
these  have  all  been  abused  by  critics.  The  criterion  applies  most  ideally  to  the  pure  chemical  explosive  compound. 
Each  specific  explosive  has  a specific  critical  energy  over  a large  range  of  initiating  shock  pressures  and  times.  (It 
was  stated  clearly  in  early  discussions  that  it  probably  would  not  be  a constant  value  at  very  low  or  very  high 
initiating  pressures.)  The  critical  energy  in  the  equation  represents  only  that  energy  that  is  transmitted  to  the 
explosive  by  the  flying  plate.  (A  discussion  was  given  in  the  original  paper  (1)  on  this  point.  Also,  it  was  pre- 
sented as  a correlation.) 

Relative  to  these  assumptions,  the  following  factors  can  affect  the  critical  initiation  energy:  1)  binders  and 
other  inert  additives  generally  reduce  the  energy  that  gets  into  the  explosive,  particularly  at  the  lower  pressures; 

2)  when  the  physical  and  mechanical  properties  of  the  test  explosive  are  changed,  the  critical  energy  is  likely  to 
change;  3)  additives  with  chemical  effects  may  change  the  critical  energy  of  the  pure  explosive;  and  4)  other 
energy  inputs  or  energy  sinks  will  influence  the  critical  energy.  Any  factor  that  reduces  the  energy  that  acts  on 
the  pure  explosive  will  cause  an  apparent  increase  in  critical  energy  and  vice  versa . 

The  author  proposed  several  years  ago  that  the  shock  initiation  process  could  be  discussed  helpfully  by 
reference  to  the  graph  given  as  Figure  2.  The  sigmoid  curve  shows  a probable  relationship  between  percent 
decomposition  and  the  reaction  time  in  a thermal  decomposition.  The  points  on  the  curve  described  by  Pi  and 
P2  separate  the  initiation  process  into  three  regimes.  Shocks  with  pressures  between  Pj  and  P2  will  probably 
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initiate  with  a nearly  constant  critical  energy,  for  the  process  is  primarily  thermal.  (Ec  ^pU^Ax  is  another  form 
of  the  equation  which  shows  a relationship  to  the  internal  energy  increase.)  When  P < Pj , there  is  a very  low  level 
of  initiation  reaction  (few  radicals),  and  the  long  delay  times  and  poor  '‘communication”  between  reacting 
molecules  allow  energy  losses.  The  apparent  critical  energy  will  then  be  higher  than  normal.  When  P > P2,  there 
is  a very  high  level  of  initiating  reaction  with  almost  instantaneous  “communication”  between  reacting  molecules 
and  initiation  sites  (many  radicals).  In  this  regime  there  is  probably  very  little  “equilibrium  thermal”  character  to 
the  initiation  process  and  greatly  reduced  delay  times.  Here  there  could  be  an  apparent  decrease  in  critical  energy. 


Fig.  2.  Explosive  decomposition  as  a function,  of  time 


It  is  important  to  note  that  these  changes  in  critical  energy  in  the  three  regimes  do  not  invalidate  the  critical 
energy  concepts,  but  this  understanding  can  extend  its  utility  into  regions  of  very  high  and  very  low  initiating 
pressures,  since  curves  such  as  those  given  in  Figure  3 can  be  determined  rather  easily. 

Experience  in  the  application  of  this  concept  has  shown  that  the  natural  initiation  probability  factors  can 
not  be  ignored.  The  spread  of  initiating  pressures  in  a gap  test  for  the  50%  initiation  values  warns  us  to  expect 
fairly  wide  confidence  limits  on  specific  critical  energies,  and  since  it  has  been  suggested  (2)  that  the  critical 
energy  holds  relatively  constant  over  two  to  four  orders  of  magnitude  in  very  unrelateo  tests  on  several  explosives, 
it  would  seem  prudent  to  maintain  some  suspicion  of  data  that  seem  to  select  the  P2t  criteria  as  superior  to  the 
energy  fluence  concept  or  to  show  radical  changes  in  critical  energy  values  for  a well-characterized  explosive. 
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Fig.  3.  Qitical  energy  and  initiation  regimes 
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2.  COMMENTS  BY  M.  COWPERTHWAITE,  STANFORD  RESEARCH  INSTITUTE 

The  empirical  p2t  criterion  for  the  initiation  of  detonation  formulated  by  Walker  and  Wasley  is  an  important 
relationship  for  assessing  the  behavior  of  condensed  explosives  in  many  engineering  applications.  The  acceptance 
of  this  criterion  for  all  shock  initiation  problems  is  not  realistic  however  until  conditions  for  its  validity  have  been 
identified  and  established.  A consideration  of  the  shock  initiation  process  in  an  explosive  by  the  impact  of  a fly- 
ing plate  is  presented  here  to  establish  conditions  imposed  by  the  validity  of  the  p2t  criterion  and  give  some 
understanding  of  its  significance. 

The  p.2tc(i)  criterion  specifies  for  each  initial  shock  pressure  pj  produced  by  a flying  plate  in  an  explosive  of 
a given  length  a critical  time  tc(i)  for  the  onset  of  detonation.  The  time  tc(i)  is  the  time  taken  after  impact  for 
the  rarefaction  from  the  free  surface  of  the  plate  to  reach  the  explosive-flier  interface.  It  can  therefore  be  regarded 
as  the  time  the  shock-induced  reaction  initiated  at  pressure  pj  must  proceed  to  ensure  detonation.  In  other  words, 
a criticality  condition  is  established  at  the  explosive-flier  interface  in  a time  tc(i)  such  that  the  initiating  shock  is 
not  appreciably  influenced  by  the  energy  liberated  in  the  vicinity  of  the  explosive-flier  interface  after  the  time 


tc(i).  Moreover,  since  tc(i)  is  in  principle  a function  of  charge  length,  it  should  be  remembered  that  the  pjtc(i) 
criterion  represents  a sufficient  but  not  a necessary  condition  for  the  onset  of  detonation. 

In  the  event  that  the  p?tc(i)  criterion  is  a fundamental  relationship  for  explosives  it  must  be  possible  to 
identify  the  criticality  condition  at  the  explosive-flier  interface,  and  express  the  critical  time  in  terms  of  explosive 
parameters,  such  as  the  equation  of  state  and  the  energy  release  rate.  A theoretical  study  along  these  lines  is 
required  to  validate  the  p? tc(i)  criterion  and  put  it  on  a firm  foundation.  A criticality  condition  for  the  different 
types  of  buildup  to  detonation  must  be  considered  because  the  p?tj(c)  relationship  takes  no  account  of  the 
mechanism  of  initiation. 

Ft  is  my  conjecture  that  the  different  modes  of  initiation  that  proceed  without  the  formation  of  a second 
shock  will  exhibit  the  same  criticality  condition.  Such  a criticality  condition  is  the  formation  of  a reactive  rare- 
faction fan  centered  on  the  explosive-filter  interface  that  contains  the  characteristic  that  eventually  becomes  the 
Chapman-Jouguet  (CJ)  characteristic  and  the  line  of  complete  reaction  in  the  self-sustaining  wave.  The  critical 
time  tc(i)  is  thus  the  time  the  reaction  at  the  interface  must  proceed  in  order  to  ensure  the  formation  of  the  CJ 
characteristic  in  the  detonation  wave.  The  family  of  characteristics  emitted  from  the  explosive-flier  interface 
before  tj(c)  influence  the  shock,  but  the  family  emitted  after  tj(c)  do  not. 

Further  investigation  of  the  p2t  criterion  is,  in  my  opinion,  necessary  before  its  full  significance  can  be 
established.  More  experimental  evidence  is  required  to  support  the  criterion,  and  theoretical  evidence  is  required 
to  place  ihe  criterion  on  a firm  foundation  by  establishing  conditions  under  which  it  is  valid  or  approximately 
valid. 


3.  COMMENTS  BY  R.  FREY  AND  P.  HOWE,  USA  BALLISTIC  RESEARCH  LABORATORIES 

The  papers  by  Hayes,  de  Longueville  et  al,  and  Howe  et  al  all  discuss  the  p2t  criterion  for  the  initiation  of 
detonation.  The  three  papers  agree  on  one  point:  If  thermal  explosion  theory  is  used  to  explain  the  p2t  criterion, 
and  if  the  shock  temperature  is  computed  on  the  basis  of  equilibrium  thermodynamics,  a very  low  value  for  the 
activation  energy  is  required.  Hayes  and  de  Longueville,  et  al,  suggest  that  a more  reasonable  activation  energy 
will  result  if  the  hot  spot  temperature  is  much  higher  than  the  bulk  temperature.  This  is  true,  but  we  do  not 
think  this  approach  is  adequate  to  explain  the  p2t  criterion.  In  this  regard,  we  would  like  to  add  the  following 
comments  to  those  already  made  in  our  paper. 

In  our  paper  we  introduced  the  following  relation  to  account  for  hot  spot  temperature: 

T = n(Twe  - T0)  + T0,  (1) 

where  T is  the  hot  spot  temperature,  Twc  is  the  bulk  temperature  computed  by  the  Walsh-Christian  technique, 
and  T0  is  the  initial  temperature.  In  Figure  1 , we  show  the  effective  activation  energy  which  gives  the  best  least 
square  fit  to  the  P2t  criterion  as  a function  of  the  parameter  n.  The  calculation  assumes  that  t is  the  thermal 
explosion  time  as  computed  by  the  standard  formula  (see  Frank-Kamenetskii,  “ Diffusion  and  Heat  Transfer  in 
Chemical  Kinetics Plenum  Press,  New  York,  1969).  This  equation  has  the  form 

T2 

t = (constant)  — exp 
E 

where:  T is  the  temperature;  t is  the  thermal  explosion  time;  and 


E is  the  activation  energy. 
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Even  for  n = 20  (shock  heating  at  hot  spots  is  twenty  times  as  great  as  predicted  by  the  Walsh-Christian 
technique),  the  activation  energy  which  best  fits  the  criterion  is  only  17  Kcal/mole,  which  is  considerably  lower 
titan  the  values  of  30  to  50  Kcal/mole  which  were  determined  by  Lee,  et  al  (Fifth  Detonation  Symposium)  or 
Rideal  (Proceedings  of  the  Royal  Society  A-195, 1 35  (1948).  The  best  fit  frequency  factor  is  also  low  by  many 
orders  of  magnitude,  and  the  fit  of  theory  to  experiment  is  not  very  good.  With  n = 20,  the  temperature  of  PBX 
9404  at  5 GPa  is  already  about  3300°K.  In  the  light  of  Mader’s  calculations  on  nitromethane  hot  spots  (Physics 
of  Fluids  8,  1811  (1965)] , a temperature  of  3300°  at  5 GPa  seems  to  be  a reasonable  estimate  of  an  upper  limit. 
It  is  probable  that  the  effective  activation  energy  is  a function  of  temperature  and  that  the  values  determined 
from  thermal  explosion  experiments  at  500  to  1000K  do  not  apply  at  higher  temperatures.  However,  the 
expected  direction  of  change  would  be  for  activation  energy  to  increase  with  increasing  temperature,  thus  causing 
a greater  difficulty  for  this  approach. 

We  have  also  considered  the  possibility  that  a distribution  of  hot  spot  temperatures  might  explain  the 
result.  Let  us  assume  that  the  hot  spots  are  distributed  with  respect  to  temperature  with  a density  distribution 
function  which  has  the  form 


1 T 

p 

aP“  [aP“_ 

where  T is  temperature,  P is  shock  pressure,  a and  a are  arbitrary  constants,  and  p is  an  arbitrary  function  having 
the  properties  of  a distribution  function. 

Thus,  the  nature  of  the  temperature  dependence  can  be  quite  general.  Let  us  also  assume  that  the  criterion 
for  detonation  is  that  some  critical  number  of  hot  spots  must  react  in  order  for  buildup  to  detonation  to  occur. 
Then  the  following  equation  must  hold : 


N(P,  t)  = f p 1 ( — ' ) = constant 

JTj(t)  |_aP°J  \aP“ ' 

where  N is  the  number  of  hot  spots  which  react  in  time  t,  t is  the  duration  of  the  shock  pulse,  p is  the  density  dis- 
tribution function,  and  Tj  is  the  temperature  which  gives  a thermal  explosion  in  time  t.  If  we  evaluate  the  deriva- 
tive dP/dt  defined  by  this  relation  and  the  equation  for  thermal  explosion,  we  find 


dP 

dt 


where  E is  the  activation  energy.  On  the  curve  p2t  = constant,  this  derivative  lias  the  value  - P/2t.  For  a = 1 , 
these  derivatives  cannot  be  equivalent  unless  T;  = 0.25  E/R.  On  the  basis  of  existing  kinetic  data  (see  earlier 
reference  to  Lee  or  Rideal)  Tj(t)  will  not  be  this  large.  If  it  is  this  large,  it  presumably  will  be  so  only  for  a nar- 
row range  of  shock  durations,  so  we  are  forced  to  reject  the  thermal  explosion  model. 

An  additional  problem  with  the  thermal  explosion  model  is  that  only  a small  fraction  of  material  can  attain 
the  necessary  high  temperature.  The  fraction  of  material  involved  cannot  be  greater  than  1/n,  where  n is  the 
parameter  in  equation  1 . After  this  reacts,  one  must  still  account  for  the  reaction  of  the  remainder  of  the 
material.  For  these  reasons  and  for  the  reasons  presented  in  our  paper,  we  concluded  that  the  dominant  mode  of 
heat  release  must  occur  in  a grain  burning  fashion. 
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4.  INVITED  DISCUSSION  OF  SHOCK  INITIATION  MECHANISM 
BY  C.  MADER,  LOS  ALAMOS  SCIENTIFIC  LABORATORY 


The  papers  we  have  heard  contribute  very  useful  data  to  help  us  describe  the  explosive  sensitivity  to  shock. 
Perhaps  the  experimental  studies  of  Titov  will  be  extended  to  furnish  us  Pop  plot  data  for  TNT  at  different 
initial  temperatures  in  addition  to  the  gap  data.  Pop  plot  data  (distance  of  run  as  a function  of  plane  wave  initia- 
tion pressure)  is  the  most  useful  type  of  data  for  shock  initiation  as  it  is  essential  for  engineering  or  modeling 
studies. 

The  embedded  Manganin  gauge  measurements  of  Wackerle  exhibit  curious  maxima  in  the  pressure  histories 
which,  if  real  for  PETN  or  9404,  are  poorly  understood.  We  need  to  know  more  about  this  experimental  tech- 
nique under  these  conditions. 

The  mechanism  of  shock  initiation  of  heterogeneous  explosives  is  one  of  debate  as  evidenced  by  Howe’s 
assumption  of  grain  burning  with  heat  conduction,  Wackerle ’s  assumption  of  the  plastic  work  model,  and  by  Titov 
and  Nuruiato/Kennedy’s  hydrodynamic  flow  modeling. 

How  important  are  transport  mechanisms  such  as  heat  conduction,  viscosity,  elastic-plastic  flow  compared 
to  the  hydrodynamic  flow?  Are  there  pressure  ranges  where  one  transport  mechanism  may  dominate  and  others 
where  it  is  not  important?  Can  the  mechanism  of  adiabatic  compression  of  the  air  in  holes  be  important? 

When  heat  conduction  has  been  included  into  hydrodynamic  calculations  of  hot  spot  propagation  (1 ) or  hot 
spot  formation  and  propagation  (2),  it  has  been  found  to  be  negligible.  The  energy  transfer  accomplished  by 
shocks  and  rarefactions  is  several  orders  of  magnitude  faster  than  energy  transfer  accomplished  by  heat  conduc- 
tion. If  shocks  are  present  and  the  time  scale  of  interest  is  of  the  order  of  microseconds  then  heat  conduction  is 
not  an  importan*  energy  transfer  mechanism.  A grain  burning  model  using  heat  conduction  for  its  energy  transfer 
mechanism  is  therefore  of  little  interest  for  describing  shock  initiation  phenomenon. 

The  adiabatic  compression  of  gas  bubbles  to  high  temperatures  and  the  transfer  of  the  heat  to  the  explosive 
by  heat  conduction  has  been  investigated  both  experimentally  and  theoretically  as  a mechanism  of  explosive  shock 
initiation.  The  classical  experimental  studies  of  Seely  and  Seay3  showed  that  changing  the  gas  in  the  voids  of 
PETN  from  one  that  would  give  low  temperatures  to  one  that  would  give  an  order  of  magnitude  higher  tempera- 
tures had  no  effect  on  the  shock  initiation  properties.  Several  other  experimental  studies  have  confirmed  this 
observation.  Since  the  last  Detonation  Symposium  the  Joint  Services  Explosive  Program  sponsored  some  useful 
studies  of  this  problem.  Experimental  studies  of  Craig4  of  the  shock  compression  of  various  layers  of  gases  in 
contact  with  explosives  showed  that  the  nature  of  the  gas  did  not  matter.  Detailed  numerical  modeling5  of  the 
experiment  showed  that  plane  surface  heat  conduction  across  the  compressed  gas-explosive  interface  could  not 
give  a high  cnoogh  temperature  for  a sufficient  amount  of  time  to  result  in  any  significant  amount  of  explosive 
decomposition  for  systems  experimentally  observed  to  decompose.  The  gap  initiation  problem  is  still  unsolved 
and  apparently  some  other  source  of  initiation  energy  is  required  such  as  shock  interactions  with  surface  irregulari- 
ties or  with  internal  voids  to  explain  the  experimental  observations.  It  is  surprising  that  the  mechanism  of  initia- 
tion that  is  probably  important  in  the  accidental  premature  initiation  of  explosives  in  shells  in  unknown.  We  do 
know  that  some  phenomenon  other  than  plane  surface  heat  conduction  and  adiabatic  gas  compression  is  dominat- 
ing the  initiation  process. 

The  heating  that  results  from  viscous  and  elastic-plastic  flow  has  been  suggested  (6)  as  a source  of  energy 
for  nitiating  explosives  at  low  shock  pressures  (~  1 kbar)  and  long  times  (~  milliseconds).  If  realistic  viscous  or 
yield  coefficients  are  used,  the  amount  of  heating  has  been  found  to  be  insufficient  to  produce  initiation.  How- 
ever, the  notion  that  hotspots  result  from  plastic  work  at  void  peripheries  is  being  studied  by  groups  led  by  John 
Taylor  and  by  Jerry  Wackerle  at  LASL.  While  it  is  a great  hand  waving  model,  it  has  so  far  required  what  are 
probably  unrealistic  material  properties  to  result  in  sufficient  heating  to  be  of  interest  in  explosive  initiation. 
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However  at  this  stage  of  our  understanding  of  very  low  pressure  shock  initiation  mechanisms  it  is  unwise  to  ignore 
the  possibility  that  viscous  and  elastic-plastic  heating  may  be  important  for  some  applications. 

For  higher  pressure  ('v  10  kbar)  shock  initiation  of  heterogeneous  explosives  we  have  found  the  heating 
from  shock  interactions  at  density  discontinuities  to  be  more  than  sufficient  to  result  in  initiation.  The  “Hydro- 
dynamic  Hot  Spot”  concept  includes  all  the  effects  that  can  occur  when  shocks  interact  with  discontinuities  or 
with  each  other  such  as  jetting,  void  collapse,  shock  separation  and  collision,  mach  and  regular  shock  reflection 
and  anything  else  one  might  observe  in  a reactive  fluid  dynamical  numerical  simulation  of  the  flow.  The  develop- 
ment of  this  concept  may  be  followed  by  studing  the  papers  in  previous  Detonation  Symposiums.  Perhaps  the 
most  convincing  experimental  and  theoretical  demonstration  of  the  hydrodynamic  flow  mechanism  was  the 
observed  agreement  between  the  computed  (8)  and  experimental  induction  times  (9)  resulting  from  the  shock 
interactions  for  med  in  nitromethane  by  corners  of  Plexiglas,  gold  and  aluminum.  An  important  consequence  (2) 
of  the  hydrodynamic  hot  spot  model  is  that  the  hot  spot  continues  to  decompose  after  the  initial  shock  wave 
passage  thus  reproducing  the  experimentally  observed  decomposition  behind  the  shock  wave  such  as  Dremin  burn 
in  addition  to  the  shock  front  build-up. 

The  major  mechanism  of  hot  spot  formation  and  energy  transport  in  the  shock  initiation  of  heterogeneous 
explosives  is  hydrodynamic  flow.  The  correlation  of  initiation  properties  with  surface  area,  particle  size,  density 
and  other  physical  properties  can  be  interpreted  as  the  necessary  consequence  of  a hydrodynamic  mechanism  and 
one  does  not  need  to  invoke  transport  mechanisms. 

As  we  have  previously  mentioned,  the  details  of  the  hydrodynamic  flow  for  many  problems  of  practical 
interest  are  still  unknown.  Those  attempting  to  investigate  a shock  initiation  problem  should  concentrate  first  on 
the  hydrodynamics  of  the  problem  and  then  add  transport  or  material  properties  as  needed. 
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5.  RESPONSE  TO  C.  MADER  BY  R.  FREY  AND  P.  HOWE, 

USA  BALLISTIC  RESEARCH  LABORATORIES 

Mader’s  objection  to  a grain  burning  mechanism  is  that  the  process  can  not  be  fast  enough  to  release 
significant  energy  in  the  few  microseconds  available  during  shock  initiation.  In  considering  the  reaction  rate 
which  may  be  achieved  in  a grain  burning  reaction  one  must  consider  the  rate  per  unit  surface  area  and  the  total 
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ignited  surface  area  per  unit  volume  of  explosive.  In  the  examples  Mader  cites,  hot  spots  are  formed  as  the  result 
of  void  collapse  by  hydrodynamic  processes.  The  resulting  hot  spots  have  a size  and  shape  similar  to  the  original 
void.  In  this  case  the  surface  area  available  for  grain  burning  is  small,  and  significant  heat  release  by  a grain  burn- 
ing mechanism  is  unlikely.  However,  the  total  ignited  area  available  for  grain  burning  may  be  much  greater  if  hot 
spots  arise  from  frictional  processes  associated  with  void  collapse.  Friction  could  occur  as  a result  of  grains  sliding 
past  one  another  or  as  a result  of  grains  cracking  and  sliding  along  the  cracked  surface.  The  former  would  be 
more  likely  in  low  percent  theoretical  maximum  density  materials,  such  as  our  TNT,  the  latter  in  high  percent 
theoretical  maximum  density  materials.  In  either  case  the  surface  to  volume  ratio  of  the  heated  and  ignited  area 
would  be  very  great.  At  the  high  strain  rates  which  exist  under  shock  loading,  we  feel  that  such  processes  are  more 
likely  than  viscous  and/or  plastic  flow.  In  fact,  it  is  commonly  recognized  that  many  materials,  including  most 
explosives,  fracture  extensively  under  shock  loading,  (lncidentially,  we  certainly  agree  with  Mader  that  adiabatic 
compression  of  gas  in  voids  cannot  be  responsible  for  shock  initiation.) 

For  our  TNT  samples,  the  intergranular  surface  area  was  of  the  order  of  2 X 103  cm2/gr.  It  is  not  unrea- 
sonable to  take  this  as  the  ignited  area.  Burning  rates  for  explosives  are  not  known  above  a pressure  of  about  1 
GPa.  However,  burning  rates  for  many  explosives  seem  to  vary  in  an  approximately  linear  fashion  with  pressure 
up  to  the  maximum  pressures  which  have  been  employed.  By  extrapolating  data  reported  by  Wachtel  (1),  we 
infer  that  a burning  rate  of  120  cm/sec  is  not  unreasonable  for  TNT  at  2 GPa.  Combining  this  burning  rate  with 
the  surface  area  of  our  samples,  we  conclude  that  about  37%  of  our  explosive  at  1 .55  gr/cm3  could  react  in  one 
microsecond.  This  is  clearly  sufficient  to  cause  shock  acceleration. 

In  this  regard,  it  is  interesting  to  consider  the  reaction  rates  reported  by  Mader  and  Forest  in  LA-6259  (2) 
and  employed  in  the  calculations  reported  by  Mader  in  this  Symposium.  The  calculations  are  a very  impressive 
demonstration  of  hydrocode  techniques.  The  rates  were  obtained  by  an  analysis  of  “Pop  plots”  and  partially 
reactive  Hugoniot  relations  with  an  additional  assumption.  The  derived  reaction  rate  for  PBX  9404  varies 
approximately  as  Pn,  where  P is  pressure  and  n is  between  2.6  and  2.8.  If  this  is  translated  into  a temperature 
dependence  using  the  temperatures  calculated  in  LA-6259,  an  extremely  weak  dependence  on  temperature  is 
observed.  This  is  consistent  with  our  observations.  This  weak  temperature  dependence,  as  well  as  the  surface 
area  and  porosity  dependencies  discussed  in  our  paper,  are  consistent  with  a grain  burning  model  and  are  incon- 
sistent with  homogeneous  kinetics. 

Hydrodynamics  is  obviously  very  important  in  the  initiation  of  detonation.  However,  hydrodynamics  is 
closely  coupled  with  kinetics,  and  to  say  that  one  must  be  completely  understood  before  considering  the  other 
seems  unrealistic.  In  some  cases,  consideration  of  the  kinetics  may  lead  one  to  an  improved  understanding  of  the 
hydrodynamic  processes  which  are  involved.  We  believe  that  the  evidence  presented  in  our  paper  and  in  our 
other  comment  in  this  session  can  be  explained  more  easily  in  terms  of  grain  burning  than  in  terms  of  homogene- 
ous kinetics.  If  this  is  so,  hydrodynamic  descriptions  of  void  collapse  must  be  altered  to  include  fracture  or  some 
other  process  which  increases  the  surface  to  volume  ratio  of  the  hot  spot. 
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6.  COMMENTS  BY  C.  FAUQUIGNON,  FRANCO-GERMAN  RESEARCH 
INSTITUTE  OF  SAINT  LOUIS 

I would  like  to  point  out  that  we  made  no  attempt  to  explain  the  so-called  p2t  criterion  because  our  experi- 
ments have  shown  that  it  can  only  apply  in  a limited  range  of  pressure  and  only  in  the  case  of  heterogeneous 
explosives. 

Concerning  the  thermal  explosion  model,  it  has  been  found  that  it  fits  correctly  the  experiment  when 
applied  to  homogeneous  explosives  and  it  supports  the  decrease  of  the  energy  threshold  when  pressure  increases. 

I agree  that  one  might  suspect  the  p2t  applicable  to  heterogeneous  explosives;  the  earlier  the  energy  is 
released  the  better  it  fits.  I think  that  the  fact  that  the  (T'  - Ts)/Ts  function  (see  Fig.  12  of  our  paper)  tends  to 
zero,  is  in  favor  of  this  applicability;  but  the  higher  the  pressure  the  more  particles  which  will  be  initiated  early, 
therefore,  the  more  homogeneous  the  behavior. 


COMMENTS  ON  “INITIATION  OF  SEVERAL  CONDENSED  EXPLOSIVES  BY  A GIVEN  DURATION  SHOCK 
WAVE,”  Y.  de  LONGUEVILLE,  C.  FAUQUIGNON,  AND  H.  MOULARD  BY  JOHN  B.  RAMSAY, 

LOS  ALAMOS  SCIENTIFIC  LABORATORY,  LOS  ALAMOS,  NM,  USA 

One  facet  of  the  initiation  of  heterogeneous  explosives  by  short-duration  shock  waves  which  needs  more 
discussion  is  the  interaction  of  the  rarefaction  wave  with  the  shocked  zone  and  the  leading  shock.  The  approach 
presented  by  de  Longueville,  Fauquignon,  and  Moulard  considers  this  problem  and  provides  an  excellent  starting 
point  for  the  problem.  I would  like  to  present  a brief  and  elementary  consideration  based  on  an  extremely 
simplified  model  (Note:  after  the  session  C.  Fauquignon  commented  that  he  has  published  a paper  using  the 
same  simplified  model  but  with  a somewhat  different  emphasis).  (1) 

In  the  model  used  it  is  assumed  that  a shock  wave  enters  the  explosive  and  travels  to  the  point  (X*,  t*) 
where  it  transforms  to  a detonation  wave.  This  point  is  a function  of  the  initial  shock  pressure  and  is  experi- 
me.  uiiy  determined  using  shock  waves  of  long  duration.  The  experimental  data  can  be  represented  by  either  of 
two  si -us dons: 


P0X*  = 4>,or 
Pat*  = *, 

where  P is  the  initial  pressure,  X*  and  t*  are  the  distance  and  time  to  detonation  and  P,  a,  and  ^ are  adjust- 
able parameters  determined  from  the  experimental  data.  It  will  be  assumed  that  a detonation  occurs  if  the  rare- 
faction wave  does  not  catch  the  shock  front  before  the  transformation  occurs  and  that  it  will  fail  to  transform  if 
the  rarefaction  wave  catches  the  front  before  (X*,  t*).  The  time  in  the  case  where  the  rarefaction  enters  the  back 
surface  and  just  catches  the  shock  front  at  (X*,  t*)  is  defined  as  r and  is  given  implicitly  by 


X* 


- f‘  U,(t)dt  = f Updt 


where  Us  is  the  shock  velocity  as  a function  time,  up  is  the  piston  velocity  which  is  considered  constant  over  the 
time  of  interest,  and  (c  + u)  is  the  sum  of  the  local  sound  and  particle  velocities  at  the  head  of  the  rarefaction 
wave. 
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Thij  equation  cannot  be  solved  explicitly  for  r because  we  do  not  have  a complete  understanding  of  the 
wave  structure.  By  making  extremely  simplifying  assumptions,  it  is  possible  to  obtain  solutions  which  provide 
some  insight  into  the  behavior  of  r with  P. 


Consider  a wave  in  which  the  state  behind  the  shock  wave  is  constant  and  the  wave  velocity  remains 
constant.  Then  r is  given  explicitly  as 

/c  + u - Us\ 


Assuming  the  material  follows  a Walsh  equation  of  state  (the  adiabat  is  a reflection  of  the  Hugoniot)  then 

c = V/V0(a  + 2bu), 

where  a and  b are  the  coefficients  of  the  linear  relationship  between  shock  and  particle  velocities.  Since  only  the 
lead  characteristic  is  considered,  V/Vu  is  determined  from  the  shock  relationship  and 


\a  + 


bu  \ 
l ■ 2bu/ ' 


Now  multiplying  by  Pn  and  substituting  for  t*  we  get 


pnr  _ pn-or^ 


a + 2bu 


A comparison  of  this  relationship  with  the  experimental  data  for  PBX-9404  is  shown  in  Fig.  1 . Also  shown  is  the 
relationship 

P2r  = 5.5  X 10"4  (Mbar2 /usee) 


0.300  r 


_ 0.050- 
_g  0.030- 


Fig.  1.  Critical  pulse  duration  vs. 
pressure  calculated  for  PBX-9404 
using  the  constant  pressure  flow 
model  Experimental  data  as 
referenced  by  Christiansen  and 
Taylor  for  PBX-9404  are  shown 
for  comparison. 
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as  reported  by  Taylor  (2).  Variation  in  the  parameters  of  the  Us  - up  relation  do  not  appear  to  affect  the  shape 
or  position  appreciably,  while  a and  have  a stronger  effect.  Using  a Gruneisen  equation  of  state  for  the  material 
and  a more  complex  model  as  proposed  by  Kennedy  (3)  does  not  make  significant  changes  in  the  comparison  of 
the  experimental  data  and  the  models. 

Hov/ever,  in  trying  to  make  this  comparison  1 became  acutely  aware  that  the  proper  data  for  modeling 
“thin  shock  wave”  initiation  does  not  exist.  Most  of  the  previously  available  data  were  obtained  on  this  pellets 
with  excess  transit  time  as  a function  of  initial  pressure.  What  are  needed  are  shock  histories  before  and  after  the 
rarefaction  has  caught  the  front  and  data  indicating  whether  longer  runs  will  still  lead  to  detonation. 
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DISCUSSION  ON  NITROMETHANE  DECOMPOSITION  KINETICS 


(SESSION  I) 


1.  COMMENTS  BY  R.  F.  CHA1KEN,  BUREAU  OF  MINES 

There  is  a seriou  problem  in  attempting  to  match  model  reaction  rate  calculations,  or  results  inferred  from 
such  calculations,  to  detonation  data  (such  as  induction  times)  obtained  from  actual  experiments.  The  problem 
lies  with  our  ability  to  predict  (or  measure)  reaction  temperature,  and  the  fact  that  reaction  rates  can  be  extremely 
sensitive  to  temperature.  This  is  easily  recognized  when  the  rate  of  reaction,  S,  is  expressed  by  some  Arrhenius 
type  function,  e.g., 


S > Ae-^KT 


moles 
cm  3 -sec 


By  differentiation  with  respect  to  temperature,  T we  obtain  the  following  error  relationship: 


^a 

(8S/S)  y (6T/T), 


where  6S  and  6T  are  the  errors  in  the  respective  parameters. 

For  detonation  reaction  mechanisms  involving  bond  scission  as  a rate  controlling  step  (e.g.  the  C-N  bond  in 
nitromethane),  Ea  'v  50  kcal/molc.  At  a reaction  temperature  of  'v  1 500°K,  Ea/RT  is  about  17.  Thus,  a 10% 
error  in  temperature  will  lead  to  a 1 70%  error  in  S.  Under  these  circumstances,  the  significance  of  the  agreement 
(or  lack  of  agreement)  between  computed  and  measured  reaction  rates,  or  those  parameters  inferred  from  reaction 
rates,  may  be  questionable. 

On  the  other  hand,  one  might  effectively  utilize  the  temperature  sensitivity  of  S in  the  other  direction,  i.e., 
to  determine  temperature  accurately  from  experimental  Arrhenius  rate  constants.  The  problem  here  is  that 
reliable  experimental  kinetic  constants  are  generally  unavailable  for  the  high  pressure  and  temperature  conditions 
encountered  in  detonation.  Extrapolation  of  low  pressure  and  low  temperature  data  could  be  misleading  due  to 
changes  in  the  rate  controlling  step  or  even  the  possible  effects  of  pressure  on  reaction  rate.  This  latter  point  is 
referred  to  in  the  paper  by  D.  J.  Pastine,  M.  J.  Kamlet  and  S.  J.  Jacobs  (this  conference). 

In  this  same  connection,  I would  like  to  refer  to  the  work  that  I carried  out  a number  of  years  ago  on  the 
shock  initiation  of  nitromethane  (NM)  (1 ,2).  Utilizing  activated  complex  theory  (3),  the  rate  constant  for  NM 
decomposition  can  be  expressed  as 


kr 


H -AF+/RT  _ kT  -<AE++PAV+-TAS+)/RT 

h h 
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where  AF+  is  the  standard  free  energy  of  formation  of  the  activated  complex  (see  references  for  further  definition 
of  terms).  Comparing  this  to  the  more  frequently  used  Arrhenius  rate  constant,  i.e„ 


we  have 


and 


Kr  = A-‘WRT, 


eASX 


Ea  = AE+  + PAV+ 


The  quantity  eAS+/R , which  is  sometimes  referred  to  as  the  steric  factor,  is  usually  of  the  order  of  unity  for 
small  molecules.  For  bond  scission  (e.g.,  the  C-N  bond),  AV+  corresponds  to  'V  10%  extension  of  the  bond  (or 
approx.  +2.8  cm^/mole  for  NM).  At  1 atm,  where  most  isothermal  decomposition  kinetic  studies  have  been 
carried  out,  PAV+  is  negligible  compared  to  AE+.  However,  at  10s  atm,  the  PAV+  term  can  account  for  ^20 
fold  decrease  in  the  nitronrethanc  reaction  rate.  It  is  interesting  to  note  that  for  an  equation  of  state  which  results 
in  shock  conditions  where  P/T  = constant,  the  PAV+  term  will  not  lead  to  an  effective  increase  in  E..  but  rather  an 
effective  decrease  in  the  Arrhenius  preexponential  factor,  A. 


It  should  be  further  noted  thatbiomolecular  decomposition  reactions  would  be  expected  to  have  AV+  < 0, 
which  will  lead  to  a high  pressure  enhancement  of  the  reaction  rate.  Whether  or  not  this  is  significant  in  the  sensi- 
tization of  NM  by  amine  catalyst  can  be  speculated  upon.  It  is  known  that  a tautomeric  aci-form  of  NM  can 
exist,  i.e., 


CH3  - N02  = CH2  = NO  - OH, 

and  a strong  organic  base  such  as  an  amine  would  tend  to  stabilize  the  aci-form.  If  the  rate  controlling  step  of  the 
catalyzed  NM  decomposition  in  detonation  is  the  formation  of  the  aci-form,  the  reaction  could  be  bimolcculai 
with  respect  to  the  concentration  of  amine  and  NM,  and  the  AV+  for  the  formation  of  the  activated  complex 
would  in  this  case  probably  be  negative. 
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2.  COMMENTS  BY  L.  C.  SMITH,  LOS  ALAMOS  SCIENTIFIC  LABORATORY 

Kamlet  lias  suggested  that  the  decomposition  of  nitromethane  (NM)  behind  a shock  wave  proceeds  through 
the  aci  form  implies,  among  other  things,  that  the  isomerization  reaction  is  rapid  on  a microsecond  time  scale. 
That  seems  unlikely  to  me,  since  it  is  generally  agreed  that  the  isomerization  involves  a two-step,  base-catalyzed 
proton  transfer: 
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kl  k2 

CH3N02  + B -( > CH?NO"  T BH*  ~( > CH2  = N02H  + B. 

k-l  k-2 

Indeed,  Maron  and  La  Mer  (1)  found  that  even  under  favorable  conditions  (aqueous  solution,  strong  bases),  kj , 
the  rate-determining  step,  is  only  200  to  300  2/mole-min.  In  “pure”  NM  B is  another  NM  molecule.  Presumably 
the  reaction  is  subject  to  the  Br^nsted  general  catalysis  law,  and  since  NM  is  an  extremely  weak  base,  the  reaction 
as  written  would,  I believe,  be  much  too  slow  in  spite  of  the  favorable  effects  of  the  high  temperature  and  pressure 
behind  the  shock  wave  (2). 

In  partial  support  of  Kamlet’s  thesis  we  may  note  that  Eyster,  Smith,  and  Walton  (3)  did  find  a weak  cor- 
relation between  the  gap  sensitivities  of  NM  solutions  of  various  amines  and  the  base  constants  of  the  amines 
determined  in  water  (values  determined  in  NM  were  unavailable).  This  could  imply  that  the  shock  sensitivity  of 
NM  depends  in  part  on  either  the  concentration  of  the  CH2N02  ion  or,  as  Kamlet  suggests,  the  rate  of  formation 
of  the  aci  form. 
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3.  COMMENTS  BY  R.  FREY  AND  P.  HOWE,  USA  BALLISTIC  RESEARCH  LABORATORIES 

Kamlet  has  suggested  (on  several  occasions)  that  the  dependence  of  the  time  to  detonation  upon  inclusion 
surface  area  in  the  nitromethane  experiments  is  a result  of  a wall  catalyzed  conversion  of  the  nitrornethane  to  the 
aci  form.  Kamlet’s  suggested  mechanism  is  qualitatively  consistent  with  the  data.  However,  we  are  unable  to  use 
the  wall  catalyzed  isomerization  reaction  to  explain  the  quantitative  differences  in  efficiency  demonstrated  by  the 
glass,  copper,  and  aluminum  oxide  inclusions.  In  another  paper  (1)  we  had  developed  an  equation  of  the  form: 

st  =be"aE 


where 


t is  the  time  to  detonation; 

s is  the  inclusion  surface  area  per  unit  volume  of  mixture; 

E is  the  internal  energy  density  behind  the  reflected  shock; 
a,  b are  constants; 

which  we  used  to  reduce  the  data  for  all  the  nitromethane  experiments  onto  a single  curve,  as  shown  in  Figure  7 
of  our  paper,  this  Symposium.  The  physical  properties  of  this  inclusion  material  we  assumed  to  be  manifested 
through  E,  the  internal  energy  density,  behind  the  reflected  shock.  The  magnitude  of  E,  of  course,  depends  very 
strongly  upon  the  shock  impedance  of  the  inclusions.  Relevant  values  are  shown  below  (2). 
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Material 

Density 

PC 

Cu 

8.93 

35.18 

glass 

2.5 

11.17 

A1203 

3.97 

31.42 

The  copper  and  aluminum  oxide  have  very  similar  shock  impedances  and  lead  to  very  similar  values  of  E. 
These  data  are  therefore  already  scaled  with  respect  to  each  other  (see  Figure  6)  and  the  copper  data  were  not 
replotted  in  Figure  7.  The  fact  that  we  are  able  to  scale  all  the  data  by  considering  shock  impedance  effects  is, 
we  believe,  a strong  argument  in  favor  of  the  mechanism  we  proposed,  The  fact  that  the  particle  size  effects 
observed  here  were  also  observed  in  the  TNT  studies  lends  additional  support  to  this  mechanism. 
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4.  COMMENTS  BY  R.  SHAW,  CONSULTANT 

The  activation  energy  for  reaction  Eq.  (1)  in  the  homogeneous  gas  phase 

CH3N02  CH3  + N02  (1) 

has  been  calculated  to  be  59.8  keal/mol  by  Seely,  Tegg,  Shaw,  and  Berks  (1 ),  59.0  keal/mol  by  Benson  and 
O’Neal  (2),  and  measured  to  be  58.5  keal/mol  by  Glanzer  and  Tree  (3).  The  activation  energy  for  the  shock 
initiation  of  liquid  nitromethane  from  60  to  1 05  kbar  measures  by  various  workers  and  plotted  on  a single  graph 
by  Walker  and  Wasley  (4)  has  an  activation  energy  of  13.5  keal/mol  (5)  using  shock  temperatures  calculated  (4) 
assuming  Cv  (nitromethane)  = Cp  (nitromethane).  If  a Cv  (T)  equation  of  state  is  used  (6)  the  activation  energy 
becomes  21 .6  keal/mol  which  is  still  in  very  poor  agreement  with  the  gas  phase  value. 

Chaiken  (7)  has  drawn  attention  to  the  effect  of  pressure  on  the  activation  energy  predicted  by  transition 
state  theory.  The  activation  energy  for  reaction  (1)  at  high  pressures  is  equal  to  or  greater  than  that  in  the  first 
order  region  of  the  ideal  gas  state  unless  the  volume  of  activation  is  negative.  Reaction  (1)  is  very  unlikely  to 
have  a negative  volume  of  activation  because  the  volume  of  transition  state  is  probably  between  that  of  the  initial 
and  final  states. 

It  has  been  observed  that  nitromethane  is  made  more  sensitive  to  shock  initiation  by  the  addition  of  some 
acids  and  bases  (8).  For  bases,  the  sensitizing  effect  is  approximately  linear  with  the  pKa  of  the  base  (see  Figure 
1).  The  most  likely  explanation  of  this  effect  is  that  nitromethane  undergoes  an  acid-or  base-catalysed 
decomposition  (9).  Nitromethane  is  itself  a weak  acid  (10),  Therefore  it  is  reasonable  to  expect  nitromethane  to 
undergo  autocatalytic  decomposition  by  an  ionic  mechanism.  For  example  I have  estimated  that  reaction  Eq.  (2) 
is  36.9  keal/mol  exothermic. 


'N  = CH2  + CH3N02  -*>  HON  = CHCH2N02  + H20  (2) 

O' 

acid  form 
nitromethane 
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Some  results  on  transient  detonation  phenomena  in  the  two  isomers,  1 ,1-dinitropropane  (1 ,1-DNP)  and 
2,2-dinitropropane  (2,2-DNP)  at  60°  C are  relevant.  The  physical  properties  of  the  two  liquids  and  their  Arrhenius 
parameters  for  decomposition  in  the  gas  phase  are  very  similar  (see  Table  1).  However,  1 ,1  -DNP  has  a smaller 
failure  diameter,  lower  pressure  for  shock  initiation,  and  slower  failure  wave  velocity  than  2,2-DNP.  These 
differences  in  transient  detonation  phenomena  indicate  that  under  shock  initiation  or  reinitiation  during  detona- 
tion failure  1 ,1  -DNP  decomposes  significantly  faster  than  2,2-DNP.  1 ,1-DNP  has  an  alpha  hydrogen  atom  and  so 
can  decompose  in  the  liquid  phase  by  an  ionic  intermediate  [RC(N02)2]~-  2,2-DNP  has  no  alpha  hydrogen  atom 
and  can  not  decompose  via  the  same  ionic  intermediate. 

I conclude  that  the  chemical  mechanical  mechanism  of  decomposition  of  pure  nitromethanc  during  shock 
initiation  contains  an  ionic  component  in  addition  to  the  free  radical  component. 


Fig.  1.  The  sensitizing  effect  of  various  based  on  the  card  gap  value  of  nitromethane  (8).  (The  gap  determined  by 
this  test  is  the  thickness  of  cellulose  acetate  by  which  the  test  sample,  contained  in  l-inch  diameter  schedule  40 
aluminum  pipe,  must  be  separated  from  a 50  gram  tetryl  booster  to  reduce  probability  of  detonation  of  the 
sample  to  50%)  ( 8).  The  circles  represent  bases  whose  pKa's  have  been  measured  (11).  The  squares  represent 
bases  whose  pKa’s  have  been  estimated  (9).  The  key  Is:  1.  Diphenylamine,  2.  Aniline,  3.  Butylamine, 

4.  Dibutylamine,  5.  Pyridine,  6.  Triethykmine,  7.  Furfurytamine,  8.  Triethylenetetramine.  9.  Diethylaminetriamine, 
10.  Ethylenediamine,  11.  2-Dimenthylamino-2-m ethyl- 1 -propanol,  12.  2-Amino-2-methyl-l -propanol. 
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TABLE  1 


Physical,  Thermochernical,  Kinetic,  and  Transient  Detonation  Properties 
of  1,1-Dinitropropane  and  2,2-Dinitropropam1  2,1 3 


Chemical  Name 

1,1-Dinitropropane 

2,2-Dinitropropane 

Chemical  structure 

HC(N02)2CH2CH3 

CH3C(N02)2CH3 

Molecular  weight 

134.1. 

134.1 

Specific  volumc/(cc/g) 
at  60°C 

0.833 

0.819 

Sound  speed/(km/s) 
at  60°C 

1.33 

1.24 

Heat  of  formation/(kacl/mol) 
of  liquid  (nominally  25°C) 

-39.9 

-42.3 

Arrhenius  A factor/(s_1) 
for  C-N  fission  (gas  phase) 

17.5 

17.5 

Activation  energy /(kcal/mol) 
for  C-N  fission  (gas  phase) 

49 

49 

Arrhenius  A factor/(s-1 ) 
for  HONO  elimination  (gas  phase) 

11.5 

11.5 

Activation  energy /(kcal/mol) 
for  HONO  elimination  (gas  phase) 

43 

39 

Lead  block  failure 
diameter/(mm)  at  60°C 

7 

27 

Peak  initial  shock  pressure/(kbar) 
for  initiation  in  1 psec 

93 

116 

Failure  wave  velocity /(km/s) 
at  60°C 

2.966 

5.022 
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COMMENT  ON  CHAIKEN’S  CONTRIBUTION  BY  ROBERT  SHAW 

Suppose  that  there  is  a single  rate-determining  step  in  the  decomposition  of  nitromethane  under  static  high 
pressure  (1).  Chaiken’s  remarks  and  the  observed  (1)  increase  in  rate  of  decomposition  with  increase  in  pressure 
at  constant  temperature  strongly  suggest  that  the  rate-determining  step  is  second  order  in  nitromethane. 
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5.  COMMENTS  BY  J.  E.  KENNEDY  AND  J.  W.  NUNZIATO,  SANDIA  LABORATORIES 

Our  paper  made  the  point  that  the  nitromethane  (NM)  detonation  profile  (which  determines  the  critical 
particle  acceleration  behind  the  shock  front)  cannot  be  described  by  the  simple  Arrhenius  kinetics  which  appear 
to  be  appropriate  for  shock  initiation  of  NM.  We  should  emphasize  that  this  conclusion  is  based  on  the  assump- 
tion that  the  particle  velocity  profile  is  concave  upward  In  the  reaction  zone,  i.e.,  that  there  is  no  “plateau” 
immediately  behind  the  shock  front. 

The  chemical  reaction  mechanism  is  undoubtedly  quite  complex,  probably  involving  a free-radical  chain 
reaction  as  described  in  Shaw’s  comments  above,  and  highly  reactive  intermediates  such  as  the  aci-  form  of  nitro 
methane.  We  wanted  to  choose  reaction  kinetics  with  minimum  complexity  beyond  the  single-step  Arrhenius 
model,  and  which  would  be  compatible  with  the  above  mechanisms.  Our  choice  of  two  parallel  first-order  reac- 
tions from  NM  to  products  seems  to  fit  these  requirements.  It  is  simpler  than  any  scheme  involving  reactions  in 
scries. 


To  be  more  specific  about  the  chemistry,  the  high-activation-energy  step  in  our  calculations  is  Shaw’s 
reaction  (1)  in  his  comments  above.  If  we  accept  Kamlet’s  suggestion  that  aci-NM  is  formed  in  the  shocked  NM 
and  the  aci-NM  quickly  decomposes  to  products,  our  second  parallel  reaction  could  then  be  taken  as 

normal  NM  -*■  aci-NM  (low  activation  energy). 

This  pair  of  reactions  is  consistent  with  our  mathematics. 
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On  the  other  hand,  let  us  consider  Smith’s  argument  above  that  any  aci-NM  reacting  within  a few  micro- 
seconds in  the  shocked  NM  must  have  been  present  before  shock  loading,  in  a small  concentration  relative  to  that 
of  the  normal  NM.  Shaw’s  reaction  (2)  might  then  be  taken  as  the  low-activation-energy  step,  and  thus  the  con- 
trolling initial  reaction  in  shock  initiation.  This  appeals  to  us  because  of  the  partial  heat  release  (about  half)  in 
reaction  (2),  for  the  following  reason.  The  shape  of  the  deceleration  profiles  measured  in  Hardesty’s  NM  initia- 
tion experiments  suggested  to  us  that  a reaction  liberating  a significant  fraction  of  the  energy  might  be  going 
essentially  to  completion  soon  after  thermal  ignition,  with  total  reaction  completion  controlled  by  reaction  (1 ) 
occurring  at  a later  time.  However,  since  depletion  of  the  aci-NM  would  occur  earlier  than  depiction  of  normal 
NM,  we  should  point  out  that  these  kinetics  would  differ  somewhat  from  the  parallel  reaction  scheme  we  adopted. 

The  additional  point  made  by  Kamlct  (paper  by  Pastine  etal.  in  these  proceedings)  and  Chaiken  (above) 
concerning  the  volume  of  activation,  and  hence  a pressure-dependent  activation  energy,  is  well-taken  and  further 
complicates  the  matter.  However,  since  this  effect  tends  to  reduce  the  reaction  rate  as  the  shock  pressure  is 
increased,  it  cannot  by  itself  reconcile  our  finding  that  detonation  kinetics  must  be  faster  than  the  simple 
Arrhenius  kinetics  which  describe  shock  initiation  observations. 
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The  response  of  granular,  pressed,  cast,  and  liquid  explosives  to  shock  waves  of 
given  intensity  and  duration  has  been  experimentally  investigated  by  use  of  flyer 
plates.  The  sensitivity  is  quantitatively  given  by  a "critical"  curve  in  the  pressure- 
time plane.  The  kinetic  energy  transferred  to  the  explosive  is  calculated  for  each 
point  of  this  curve;  this  permits  examination  of  the  validity  of  the  "energy- 
threshold  " concept. 

A possible  interpretation  of  the  critical  shock  duration  as  related  to  the  reaction 
kinetics  of  the  explosive  is  given.  The  application  of  this  model  to  heterogeneous 
explosives  leads  to  an  “ efficient  temperature" essentially  higher  than  that  which  the 
equation  of  state  gives  for  the  same  shock  pressure. 


1.  INTRODUCTION 

The  sensitivity  of  an  explosive  under  shock  load  is 
usually  investigated  either  by  the  gap  test  or  by  the 
impact  of  a flyer  plate,  the  velocity  and  thickness  of 
which  determine  shock  pressure  and  duration,  respec- 
tively. It  has  already  been  pointed  out  (1)  that  this 
second  method  can  determine  the  sensitivity  of  two 
quantities:  the  sensitivity  is  described  by  the  curve 
separating  the  detonation  from  the  nondetonation 
region.  It  has  been  proposed  (2)  to  characterize  the 
sensitivity  by  the  minimum  amount  of  mechanical 
energy  transferred  from  the  projectile  into  the  explo- 
sive. We  will  show  how  this  concept  of  energy  holds 
for  different  homogeneous  and  heterogeneous  explo- 
sive compositions  we  have  studied.  Finally,  we  pro- 
pose an  interpretation  of  the  critical  shock  duration 
as  the  minimum  time  required  for  the  exothermic 
chemical  reactions  to  lead  to  an  immediate  or  delayed 
transition  to  detonation.  The  application  of  this 
crude  model  to  heterogeneous  explosives  needs  the 
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use  of  a temperature,  which  has  been  called  “efficient 
temperature,”  higher  than  that  given  by  the  equation 
of  state  at  the  same  shock  pressure. 

2.  EXPERIMENTAL  METHOD 

The  response  (detonation  or  not)  of  a cylindrical 
explosive  is  investigated  under  the  action  of  a plane 
shock  wave  with  a rectangular  pressure  profile  charac- 
terized by  its  pressure  p and  time  duration  t produced 
by  the  impact  of  a metal  plate  on  the  front  plane. 

2.1 . Choice  of  the  Impacting  Plate 

The  shock  intensity  p is  dependent  on  the  impact 
velocity  and  the  Hugoniots  of  plate  and  explosive  ma- 
terial. t is  the  time  needed  for  the  shock  to  be  re- 
flected from  one  face  to  the  other  in  the  flyer  plate. 

Figure  1 shows  the  space-time  diagram  associated 
with  the  pressure-velocity  curves  of  both  materials  as 
well  as  the  derived  pressure-time  profile  at  the  en- 
trance side  of  the  explosive.  The  plate  material  must 
satisfy  the  following  conditions: 


Fig.  1.  Principle  of  generation  of  rectangular  pressure  pulses. 


• High  sound  velocity  in  order  to  obtain  very 
short  shock  durations  (tt). 

• Weak  Hugoniot  slopes  so  that  pressures  p2, 
p3, ...  are  negligible  with  respect  to  pt . 

• Sound  velocity,  which  is  only  a little  dependent 
on  pressure  in  order  to  obtain  a rarefaction  fan 
as  narrow  as  possible. 

For  the  present  investigations,  ST-aluminum  was 
chosen  because  it  meets  the  above  conditions. 


Figure  2 illustrates  the  experimental  setup  for 
rather  insensitive  explosives  [groups  (a)  and  (b)] . It 
should  be  recalled  here  that  the  plate  after  the  deflec 
tion  by  an  angle  <t>  is  in  an  expanded  state,  is  plane, 
and  travels  at  a velocity  v,  the  normal  component  vN 
given  by: 


vN  » Dsintf 
and  given  by  the  Richter  formula 


_1_ 

<P 


b + c£m_l_l 
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2.2.  Experimental  Setup 

On  the  basis  of  their  physical  properties,  the  ex- 
plosives under  study  can  be  classed  into  three  groups 
with  increasing  sensitivities: 


where  D 
b,c 
' Pex 

e,  e 


detonation  velocity, 
parameters  of  the  explosive, 
density  of  metal  and  explosive,  respec- 
tively, 

thickness  of  metal  and  explosive. 


a.  Liquid  explosives  (melted  TNT  and  nitro- 
methane) 

b.  Cast  or  pressed  explosives  (Comp  B,  plastic- 
bonded  RDX  and  HMX) 

c.  Granular  explosives  (RDX). 


The  velocity,  which  the  generator  of  Fig.  2 is  able  to 
cover,  has  a lower  limit  at  about  600  m/s,  due  to  the 
fact  that  the  plate  tends  to  spall  when  the  explosive 
layer  is  too  thin.  The  upper  limit  is  given  by  the 
energy  efficiency  of  the  system,  which  decreases  for 
<t>  > 20°  and  corresponds  to  a velocity  of  about  2500 
m/s. 


Flyer  plates  are  accelerated  by  a plane  explosive  layer  For  sensitive  explosives  (like  granular  RDX),  im- 

detonating  along  the  plate  (3).  pact  velocities  lower  than  600  m/s  are  needed.  To 
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Mg.  2.  Experimental  (one  stage)  setup. 

LI  = Linear  initiation 

TRX  M Probe  for  triggering,  with  delay,  the  x-ray 
flash 

PM  * Photomultiplier  for  control  of  the  instant  of 
the  x-ray  flash. 

obtain  these,  the  experimental  arrangement  of  Fig.  3 
was  used. 

The  explosively  accelerated  plate  is  made  of  a high 
impedance  (brass)  metal  impacting  a barrier  of  the 
same  material.  The  rear  side  of  this  barrier  is  covered 
with  a ST -aluminum  plate.  Because  of  the  impedance 
mismatch,  the  aluminum  plate  separates  from  the  bar- 
rier and,  after  a sufficient  path  of  flight,  impinges  on 
the  explosive.  Figure  4 shows  that  the  impact  veloc- 
ity of  the  duraluminum  can  be  reduced  from  600  m/s 
to  425  m/s  because  the  high-density  brass  can  be  ex- 
plosively accelerated  to  velocities  as  low  as  300  m/s 
without  risking  spallation.  The  usefulness  of  this 
method  is  limited  at  low  impact  velocities  by  the  con- 
straints imposed  by  the  thicknesses  of  the  barrier, 
brass,  and  ST-aluminum  plates.  Moreover,  the  angle 
ifi  must  be  determined  with  high  accuracy  in  order  to 
obtain  acceptable  conditions  of  flight  for  the  alu- 
minum plate. 

The  measurements  and  checks  performed  are 
based  on  a flash  radiograph  taken  a few  microseconds 
prior  to  impact  (Fig.  2).  This  x-ray  flash  record  al- 
lows us  to: 

• verify  the  flatness  of  the  flying  plate, 

• check  the  accuracy  of  the  assumed  projection 
angle  4>  (simultaneity  of  impact), 


Fig.  3.  Two-stage  setup  for  the  study  of  granular 
explosive. 

FP  = Flyer  plate 

TP  = Momentum  transfer  plate. 


Fig.  4.  Principle  of  the  two-stage  setup. 

Z - Zone  of  pressures  to  be  explored 
(a)  and  (b)  * minimum  velocities  reached  by  one 

stage  setup,  respectively,  with  brass  and 
Al-alloy  flyer  plates. 


• derive  from  the  preceding  observation  the 
exact  value  of  impact  velocity  VN  using  the  for- 
mula VN  ■ D sin  <p, 

• calculate  the  time  of  flight  remaining,  knowing 
VN  and  the  actual  position  at  the  time  of  the 
flash  x-ray  picture,  and 
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• discriminate  between  initiation  and  failure.  The 
latter  is  possible  since  the  transit  time  necessary 
for  the  wave  to  run  through  the  cartridge  is 
known. 

To  this  end,  the  time  interval  between  the  instant 
when  the  radiograph  is  taken  and  when  the  wave  exits 
from  the  cartridge  end  is  measured. 

Depending  on  the  length  of  the  cartridge,  the  tran- 
sit times  vary  at  a ratio  of  1 to  2,  whether  initiation 
takes  place  or  not. 

As  far  as  the  accuracy  of  the  shock  generator  is 
concerned,  densitometric  measurements  performed 
on  the  flash  x-ray  records  show  that  the  flatness  error 
does  not  exceed  0.3  mm  in  a rectangular  area  of  90  X 
60  mm.  Besides,  the  error  in  the  evaluation  of  angle 
<p  remains  below  2%,  which  is  negligible.  Thus,  im- 
pact velocity  VN  is  known  to  less  than  3%  error.  This 
is  compatible  with  the  accuracy  with  which  the  Hugo- 
niots  of  non-reacting  explosives  arc  evaluated. 

2.3.  Diagnostics  of  Homogeneous  Liquid  Explosives 

We  sec  from  a streak  camera  record  (slit  along  a 
diameter  of  the  setup)  that: 

• initiation  originates  from  the  plane  part  of  the 
induced  shock  and  not  from  the  walls,  and 

• induction  time  could  be  measured  for  nitro- 
methanc  and  corresponds  approximately  to  the 
critical  shock  duration  for  a given  pressure. 


3.  RESULTS 

3.1 . Explosives  Tested -Presentation  of  the  Results 

The  experimental  method  described  above  has 
been  applied  to  the  following  compositions: 

• granular  explosive  = RDX  at  a density  of  1 .55 
g/cm3  with  two  grain  sizes  (40/80  p and  200/ 
400 /j), 

• cast  explosives  = Comp.  B3  and  RDX/poly- 
butadiene  (86%  RDX), 

• pressed  explosive  = HMX/nylon  (89.5%  HMX), 

• liquid  explosive  = TNT  at  81°C  and  nitro- 
methane. 

The  results  are  stated  as  follows:  Velocity  of 
impact-thickness  of  plate  diagram  (characteristic  of 
the  shock  generator)  or  shock  pressure-shock  dura- 
tion diagram  (characteristic  of  the  receptor  explo- 
sive). As  far  as  the  latter  is  concerned,  the  Hugoniot 
of  the  receptor  must  be  known.  Although  the  possi- 
ble reaction  of  the  medium  limits  the  reliability  of 
the  experimental  results  achieved,  the  various  sensi- 
tivity curves  are,  nevertheless,  plotted  in  a pressure- 
duration  diagram,  because  this  property  is  character- 
istic to  the  explosive.  It  allows  us  to  define  the 
kinetic  energy  transferred  into  the  explosive  by  the 
plate  during  the  impact  process.  Linear  relationships 
between  the  velocity  of  the  wave  and  that  of  the  ma- 
terial are  adopted  and  shown  in  the  following  table. 
These  relations  have  been  taken  from  published 
papers  or  established  by  computation  according  to 
A.  K.  Hopkins’  method  (4). 


i 
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U = c + s u (mm/^s) 

Origin 

Density 

(g/cm3) 

Granular  RDX 

U = 1.1  + 2.4  u 

Ref.  5 and  computed 

1.54 

Composition  B3 

U = 2.71  + 1.86  u 

Ref.  6 

1.73 

RDX-polybutadiene 

U = 2.3  + 1 .8  u 

Computed 

1.60 

HMX-nylon 

U = 2.4  + 2.4  u 

Computed 

’..77 

TNT  (molten) 

U = 2.14+1 .57  u 

Ref.  7 

1.47 

Nitromethane 

U = 1.54+  1.68  u 

Ref.  15 

1.12 
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Each  rectangular  pressure  profile  corresponding  to 
the  impact  of  a thin  plate  can  be  associated  to  a value 
of  the  kinetic  energy  transferred  into  the  explosive. 
Computation  of  this  value  is  derived  from  the  dia- 
grams shown  in  Fig.  1 . If  the  residual  pressures  (too 
low  for  initiation  of  the  explosive)  are  neglected,  the 
loss  in  kinetic  energy  of  the  plate  during  time  interval 
t can  be  written  as  follows  . 

Ae=|ppl  •cS(vN2-vF2)I 

where  pp  j is  the  density  of  the  plate,  e = thickness  of 
the  plate,  S = entrance  area  of  the  shock  in  the  explo- 
sive, and  vN , Vjr  = impact  and  residual  velocities  of 
the  plate . Since 

vN+v,;  *2u,  and  vN-vr  = 2ud, 
the  loss  in  the  kinetic  energy  per  surface  unit  becomes 
Ae 

S“  = 2ppi  eu,  ud. 

As  the  shock  duration  is  written  in  the  form  2e  = 
t]  • U,  where  U is  the  velocity  of  the  shock  in  the 
plate  at  pressure  pj , we  have 

Ac 

Y = (PPi  Uud)u,t,. 

Writing  ppl  U ud  = pj , representing  the  pressure 
value,  wc  get 

Ae 

-S~  = Pl  ul  »1- 


And,  Uj  being  a function  of  pj , a value  of  the  kinetic 
energy  transferred  per  surface  unit  of  the  plate  into 
the  explosive,  is  simply  associated  with  each  pair 
(pj , t[ ).  Since  the  value  Ae/S  is  established,  the 
foregoing  relation  defines  in  the  (p,t)  diagram  an  iso- 
energetic  curve.  Thus  it  is  possible  to  relate  and  com- 
pare the  experimental  results  to  a network  of  iso- 
energetic  curves. 

3.2.  Remits 

The  explosives  investigated  are  granular,  homo- 
geneous, or  contained  binder.  The  representation 
given  below  considers  this  classification  and  illus- 


trates the  increasing  homogeneity  of  the  composi- 
tions used. 

(a)  Granular  Explosive:  pressed  RDX  (p  = 1 .55 
g/cm3) 

For  this  sensitive  explosive,  critical  impact  veloci- 
ties are  of  the  order  of  400  m/s,  and  the  mode  of  op- 
eration described  in  Sec.  2 is  applied.  Furthermore, 
due  to  the  compression  necessary  to  reach  the  density 
of  1 .55  g/cm3,  the  critical  grain-size  distribution  is 
changed.  The  grain-size  ranges  200/400  pm  and  100/ 
200  pm  are  obtained  by  seeving  and  show,  after  com- 
pression, two  maxima  corresponding  to  an  asym- 
metric rupture  of  the  grains.  The  grain-size  range 
40/80  is  obtained  by  pulverizing  and  undergoes  only 
a reduction  of  its  mean  grain  size.  The  distribution 
curves  plotted  after  compression  are  obviously  the 
only  representative  ones  for  the  RDX  investigated. 

The  sensitivity  of  the  ranges  40/80  pm  and  200/ 
400  pm  is  shown  in  Fig.  5.  We  observe  essentially  an 
inversion  of  the  sensitivity  as  a function  of  the  shock 
duration.  None  of  the  curves  confirm  the  criterion  of 
a constant  energy  threshold.  It  is  seen,  however,  that 
the  two  curves  pass  through  an  identical  maximum 
energy  value  ( 1 8 kbar  and  750  ns).  The  energy  trans- 
ferred per  surface  ynit  is  then  68  J/cm2. 

(b)  Explosives  with  Binder 

In  this  class  of  explosives,  we  have  to  mention  the 
composition  B3  and  the  two  inert  binder  composi- 
tions that  are,  therefore,  more  homogeneous  than 
RDX. 

• For  Comp  B3  the  criterion  of  the  energy  thresh- 
old holds  remarkably  well.  Over  the  whole 
range  of  shock  duration,  the  threshold  curve  lies 
between  125  and  148  J/cm2.  The  curve  corre- 
sponding to  an  ignition  energy  of  140  J/cm2 
divides  the  two  regions  of  ignition  and  non- 
ignition (see  Fig.  6). 

• RDX-polybutadiene  shows  a quite  different  be- 
havior. For  shock  durations  ranging  from  600 
to  2100  ns,  it  is  initiated  by  a constant  mini- 
mum energy  supply  of  325  J/cm2.  It  appears  to 
be  more  sensitive  for  short  shocks.  For  a dura- 
tion of  160  ns,  a shock  of  85  kbar  (i.e.,  approxi- 
mately 1 75  J/cm2)  sufficies  to  provoke  initia- 
tion (see  Fig.  7). 
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(b)  -grain  size  : 200/400  u 
Fig.  5.  Sensitivity  of  granular  HDX. 
+ detonation  • no  detonation 


• The  HMX-nylon  composition  has  a sensitivity, 
which  is  analogous  to  that  of  the  composition 
B3.  The  energy  threshold  of  initiation,  which  is 
constant  and  equal  to  150  J/cm2  for  shock 
duration  between  160  and  1200  ns,  increases 
thereafter,  and  exceeds  180  J/cm2  if  the  in- 
duced wave  has  a duration  of  2100  ns  (see 
Fig,  8). 

(c)  Homogeneous  Explosives 


Fig.  6.  Sensitivity  of  Composition  B3  (60/40). 

+ detonation  • no  detonation 
- ■_  iso-energy  curve  F = 33  cal/crn2 


Fig.  7.  Sensitivity  of  RDX-polybutadiene. 
+ detonation  * no  detonation 


corresponding  to  a shock  duration  varying  from  300 
to  1 700  ns.  The  streak  camera  was  used  (Sec.  2)  to 
observe  the  points  located  in  the  vicinity  of  the  sensi 
tivity  curve  in  order  to  ascertain  that  the  detonation 
achieved  was  actually  due  to  the  plane  part  of  the 
wave. 


Nitromethane  and  liquid  TNT  (T0  = 354°K)  were 
investigated  over  a relatively  limited  pressure  range 
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TNT  (liquid} 


100  J/cm2 


Fig.  8.  Sensitivity  of  HMX-nylon. 


+ detonation 


• no  detonation 


The  energy  threshold  for  both  explosives  varies 
along  the  sensitivity  curve  (Fig.  9). 

33.  Validity  of  the  Concept  of  the  Energy  Threshold 

Except  for  granular  RDX  and  liquid  explosives,  all 
of  the  other  compositions  show  a certain  pressure 
range  in  which  the  sensitivity  curve  coincides  with  an 
iso-transfer  curve. 

Figure  10  illustrates  the  energy  threshold  as  a 
function  of  shock  pressure. 

Except  for  the  composition  B3,  the  energy  re- 
quired for  initiation  is  seen  to  be  lower  for  intense 
shocks. 

It  is  presently  impossible  to  answer  the  question  of 
whether  the  phenomena  observed  are  of  a physical 
nature  or  can  be  related  to  an  erroneous  extrapola- 
tion of  the  Hugoniot  data  determined  at  lower  pres- 


4.  INTERPRETATION  BY  USE  OF  REACTION 
KINETICS 

It  has  just  been  shown  that  the  sensitivity  can  be 
interpreted  as  the  minimum  energy  to  be  transferred 
to  the  explosive.  This  energy  is,  in  general,  a function 
of  the  shock  pressure. 
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Fig.  9.  Sensitivity  of  liquid  and  solid  TNT  fa),  and 
nitromethane  (b). 

+ detonation  • no  detonation 


Another  viewpoint  related  to  an  assumed  role  of 
the  critical  shock  duration  is  now  presented.  It  is 
supported  by  the  following  assumptions: 

• Chemical  reactions  are  initiated  at  the  shock 
front,  and  the  corresponding  critical  shock  dura 
tion  is  the  shortest  time  needed  to  establish  a 
self-sustaining  process:  the  reactions  can  a 
longer  be  quenched  by  cooling  due  to  release 
waves  arriving  from  the  rear  face. 

• More  precisely,  it  is  assumed  that  a sufficient 
number  of  particles  are  initiated  so  that  a subse^ 
quent  transition  to  detonation  is  only  governed 
by  the  energy  they  release. 


mm 


500 

D 
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0 50  100  p [kb] 

Fig.  1 0.  Energy  threshold  vs  shock  pressure. 

B = HMX-nylon 
C = RDX-TNT  (60/40) 

D = RDX-polybutadiene 
E=PBX9404 


(b)  The  instantaneous  temperature  is  equal  to 

Ts  + AT  where  AT  corresponds  to  the  self  heating  by 
the  chemical  reactions. 

(c)  The  numerical  application  of  the  Arrhenius 
law  shows  that  a significant  fraction  of  the  explosive 
has  reacted  only  during  the  very  late  stage  of  the  total 
process. 

Correspondingly,  without  knowing  the  minimum 
reaction  rate  for  a self-sustaining  regime  a negligible 
error  occurs  when  we  assume  that  the  critical  shock 
duration  r is  equal  to  the  induction  time  t,  which  cor- 
responds to  a complete  reaction. 

Let  us  write 

r = tj  = v~l  Ts2  (Tq  • Ta)_1  exp  (Ta/Ts)  (1) 

where 

v - collision  frequency, 

Ea 

Ta  =~  . . . Ea  = activation  energy, 


• This  jndition  is  always  fulfilled  by  homoge- 
neous explosives  (8);  it  may  be  a reasonable  ap- 
proximation for  heterogeneous  high  explosives 
that  are  heated  by  a volume  process  rather  than 
at  a surface  as  occurs  for  granular  explosives, 
which  will  not  be  considered  for  this  reason. 

• A comparison  at  a given  initiation  pressure  be- 
tween build-up  times  both  experimental  (9)  and 
computed  (10, 11)  and  the  critical  shock  dura- 
tion would  give  interesting  information  on  the 
possibility  of  quenching  reactions  before  grain 
burning  or  any  energy  transfer  process  has  oc- 
curred. 

• The  initiated  particles  are  assumed  to  behave 
according  to  the  thermal  explosion  model  which 
is  used  for  the  first  time  with  the  critical  shock 
duration  assumed  to  be  the  build-up  time  (5,8). 

Main  Features  of  the  Thermal  Explosion  Model 
Based  upon  the  Arrhenius  Law  (12) 

(a)  The  shock  of  pressure  p heats  the  explosive  at 
a temperature  T,. 


T„  = ~ . . . Cv  = specific  heat,  assumed  constant. 

Equation  (1)  expresses  the  sensitivity  (p,r)  of  an 
explosive  as  a function  of  its  chemical  composition 
(Ea,  v , Q)  and  of  properties  (Ts  = f[p] ). 

it  is  important  to  note  that  the  following  results 
and  remarks  are  restricted  to  the  case  where  the 
Arrhenius  law  is  used. 

RESULTS 

Homogeneous  Explosive  = Liquid  TNT 

The  numerical  values  of  v,  Ea,  Q,  Cv  are  given 
by  (13)  = 

v = 1012°2  sec-1 
Ea  = 1.82  • 105  J/mole 
Q = 3.87  • 106  J/kg 
Cv  = 137  • 103  J/kg. 

T = T + 
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where 


T0  = 354°K, 

u(p)  is  deduced  of  the  momentum  equation  p = p0Uu 
and  of  the  linear  relationship 

U = C + Su 

where 

p0  = 1.47  g/cm3 
and 

Cs  = 2.14  mm/ps 

S = 1.57. 

Figure  9a  shows  that  the  relationship  r(p)  given  by 
Eq.  (1)  is  well  within  the  domain  (limited  by  dotted 
lines)  where  the  experimental  sensitivity  curve  is 
present. 

An  interesting  conclusion  is  that  the  thermal  ex- 
plosion model  supports  a decrease  of  the  energy 
threshold  as  the  pressure  increases. 

Heterogeneous  Explosives 

On  Fig.  9a  are  also  reported  experimental  points 
relative  to  the  sensitivity  of  solid  TNT  (2). 

Equation  (1)  cannot  match  this  region  simply  by 
changing  the  temperature  T0,  the  density  p0,  and  the 
values  of  the  parameters  C and  S. 

It  is  possible  to  get  a good  fit  between  Eq.  (1)  and 
experiment  by  using  an  activation  energy  about  ten 
times  lower  than  the  one  given  in  the  literature.  This 
has  been  checked  for  TNT  and  several  compositions 
containing  RDX  and  MMX. 

It  seems  better  to  consider  that  the  chemical  con- 
stants must  be  kept  but  that  the  temperature  previ- 
ously calculated  by  assuming  a uniform  energy  dis- 
tribution is  no  longer  correct.  Due  to  the  large 
dependence  of  Arrhlnius  law  on  temperature,  the 
temperature  of  the  hot  spots  or,  more  generally,  the 
highest  local  temperature  responsible  for  the  initia- 
tion of  the  chemical  reactions  must  be  considered. 


Later  on  this  temperature  will  be  called  “efficient 
temperature”  and  noted  T'.  The  prior  calculation  of 
Tj  as  a function  of  p is  quite  impossible  and  it  will  be 
determined  by  using  Eq.  (1),  in  which  r is  a known 
experimental  quantity. 

The  calculations  have  been  performed  on  composi- 
tion B3  (where  it  is  assumed  that  only  the  RDX  is  re- 
sponsible for  the  initiation),  RDX-polybutandiene, 
HMX-nylon,  PBX  9404  (the  sensitivity  curve  is  given 
by  Refs.  2 and  14). 

In  all  cases,  the  reaction  energy  per  unit  mass  is 
multiplied  by  the  mass  fraction  of  the  explosive  in 
the  composition. 

Figure  1 1 represents  the  “efficient  energy”  CVT' 
vs  the  pressure.  It  can  be  seen  that  the  “efficient 
energy”  is  a slowly  increasing  function  of  the  pres- 
sure. 

More  interesting  observations  can  be  drawn  from 
Fig.  12  which  represents  the  relative  degree  of  hete- 
rogeneity of  the  explosive  expressed  by  the  ratio 
(T;-Ts)/Ts: 


Fig.  11.  Efficient  energy  vs  shock  pressure. 

B » HMX-nylon 
C = RDX-TNT  (60/40) 

D = RDX-polybutadiene 
E = PBX  9404-03 
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tins) 

Fig.  12.  Relative  degree  of  heterogeneity  = 

(T's  ~ Ts)/Tr 

( See  legend  on  Fig.  11) 


• The  degree  of  heterogeneity  is  at  the  most  equal 
to  one  which  corresponds  to  an  efficient  tem- 
perature equal  to  twice  the  bulk  temperature. 

• The  higher  the  shock  pressure,  the  more  homo- 
geneous is  the  explosive  behavior. 
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INITIATION  OF  DETONATION  IN  INSENSITIVE  LIQUID  EXPLOSIVES 
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An  experiment  devised  to  simulate  the  development  of  explosive  reaction  in  a large 
mass  ofcavitated  liquid  is  described  in  which  a massive  steel  piston  is  propelled  into 
a container  (diameter  10  cm)  filled  wit  ha  liquid  explosive  into  which  bubbles  have 
been  introduced.  In  this  experiment,  transition  to  "detonation" has  resulted  using 
nltromethane  and  other  marginally  detonable  liquids  at  initial  piston  velocities  of 
24  to  90  meters  per  second.  With  further  increase  in  scale  size,  abrupt  accelerations 
of  the  order  of  those  occurring  in  transport  may  suffice  to  produce  explosion. 

A mathematical  model  is  described  by  which  the  hazard  potential  of  deflagration- 
to-detonation  transition  in  large  masses  of  a react  tve  liquid  subjected  to  cav  dating 
conditions  and  pressure  surges  can  be  assessed  from  burning  rate  data  or  from 
small-scale  experiments  such  as  that  described. 


This  situation  is  analogous  to  the  problem 
encountered  with  nitroglycerine  (NG)  and  related 
materials,  which  although  acknowledged  to  be 
detonable,  to  have  a small  critical  diameter,  and  to 
be  “sensitive"  by  the  standards  of  experience,  and 
handled  accordingly,  nevertheless  have  been  involved 
in  numerous  accidental  explosions  resulting  presum- 
ably from  very  weak  stimuli.  The  nature  of  this 
problem  was  clarified  by  the  elucidation  of  the 
mechanisms  of  low-velocity  detonation  (LVD)  as  a 
quasi-steady-state  process  in  which  the  fluid  is 
cavitated  by  a precursor  shock.  The  cavities  are 
subsequently  collapsed  by  the  reaction  pressure 
field,  causing  local  heating  sufficient  to  ignite  the 
liquid  at  the  cavities;  the  resultant  burning  of  the 
liquid  releases  sufficient  energy  to  sustain  both  the 
precursor  and  reaction  wave.  (2, 3, 4, 5, 6, 7)  A 
theoretical  description  of  LVD  has  been  given  by 
Chaiken.  (8)  In  this  treatment,  theoretical  calcula- 
tions of  the  LVD  parameters  for  various  liquid 


INTRODUCTION 

The  accidental  explosion  of  marginally  explosive 
materials  has  been  of  concern  for  many  years. 
“Marginally  explosive  materials"  is  here  taken  to 
mean  substances  not  intended  to  be  used  as  explo- 
sives and  which  are  insensitive  to  detonation  by  a 
No.  8 blasting  cap.  Such  substances  include,  for 
example,  nltromethane  (NM).  Most  of  these  sub- 
stances are  alto  asseaced  as  “nondetonable"  in  the 
card-gap  test  since  they  have  a critical  diameter 
greater  than  the  diameter  in  which  the  card-gap  test  is 
normally  performed,  usually  2.5  cm.  (1)  (In  this 
paper,  the  discussion  will  be  limited  to  those 
materials  that  are  liquids  as  normally  handled  and 
used.)  Even  those  substances  that  are  known  to  be 
detonable,  however,  have  been  involved  in  accidental 
explosions  in  which  no  stimulus  that  would  be  con- 
sidered adequate  by  the  standards  of  normal 
sensitivity  tests  appears  to  have  been  present. 
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explosives,  including  nitromethane  (NM),  were  per- 
formed; the  results  obtained  tend  to  indicate  that 
the  possibility  of  LVD  in  NM  is  marginal . This  result, 
however,  is  attributed  to  the  large  value  of  the 
calculated  cavitation  rate  constant,  which  results  in 
low  values  of  liquid  volume  fraction  and  detonation 
pressure  and  consequent  decoupling  of  the  cavitation 
and  reaction  processes.  However,  interest  in 
explosive  reactions  of  this  type  is  not  limited  to 
“stable”  LVD,  in  which  the  cavitation  is  itself  main- 
tained indefinitely  by  the  propagating  reaction.  It  is, 
for  instance,  valid  to  stipulate  that  a significant  por- 
tion is  already  cavitatcd  as  a result  of  a variety  of 
processes  tliat  can  occur  in  a mass  of  liquid  in  transit. 
In  the  following  discussion,  no  attempt  will  be  made 
to  distinguish  between  gas-flllcd  bubbles  and  vapor- 
flllcd  cavities,  although  the  former  are  more  sensitive 
to  initiation  by  compression,  since  it  will  be  assumed 
that  a compression  wave  adequate  to  initiate  either 
type  is  present.  It  is  then  reasonable  to  suppose  that 
the  reaction  rate  is  dominated  by  the  time  constant 
for  the  burning  of  the  bubbles,  given  by  Chaiken  as 


K 

2Nb3 


2rrW 


m 


e Ally/RTf. 


where  K is  the  evaporation  accommodation 
coefficient,  Nb  the  bubble  concentration,  W the 
molecular  weight,  R the  universal  gas  constant,  T,  the 
flame  temperature,  and  AHV  the  heat  of  vaporization. 
This  equation  presupposes  a pressure  sufficiently  high 
that  the  deflagration  reaction  zone  is  of  essentially 
negligible  thickness  so  that  the  liquid  surface 
temperature  can  be  considered  approximately  equal 
to  the  flame  temperature.  For  the  constants  given  by 
Chaiken  for  NM~viz  K = 1 , W = 61  g/mole,  Tf  * 
2700°K,  and  Ally  - 8 kcal/mole-this  results  in  a 
linear  burning  rate  of  ca  5.5  X 103  cm/sec.  Elemen- 
tary calculations  show  that  such  a burning  rate  is 
adequate  to  support  a bubble  growth  rate  of  about 
104  cm/sec  at  a pressure  of  a few  Kbar;  these 
values  are  “typical"  at  least  for  the  system  in  which 
they  have  been  measured  (the  nitroglycerine/ethylene 
glycol  dinitrate  system).  (4)  However,  the  assump- 
tion that  the  liquid  surface  temperature  is  equal  to 
the  flame  temperature  is  questionable  at  lower  pres- 
sures and  may  not  apply  to  the  early  stages  of  develop- 
ment. Moreover,  the  kinetic  parameters  for  many 
substances  of  interest  are  unknown.  If  burning  rate- 
vs-pressure  data  over  the  entire  range  of  pressure 


were  known,  it  should  be  possible  to  couple  such  a 
relationship  to  the  overall  hydrodynamic  constraints 
and  to  predict  the  susceptibility  of  a given  system  to 
LVD,  given  the  charge  size,  confinement,  etc.;  an 
attempt  to  do  this  is  sketched  in  a later  section  of 
this  paper. 

Unfortunately,  burning  rate  data  for  liquid 
explosives  and  monopropellants  at  pressures  beyond  a 
few  hundred  bars  do  not  exist  to  the  best  of  the 
authors’  knowledge,  nor  can  they  be  obtained  by 
extrapolating  data  obtained  at  lower  pressures,  since, 
as  is  well  known,  (9,10)  for  many  liquid  explosives 
and  propellants  there  occurs  an  abrupt  increase  in 
the  slope  of  the  effective  burning  rate-vs-pressure 
curve  due  to  hydrodynamic  enhancement  of  the 
burning  surface;  neither  the  pressure  at  which  this 
occurs  nor  the  magnitude  of  the  increase  in  the  slope 
can  be  predicted  from  low-pressure  data. 

The  continued  introduction  of  new  materials  in 
industry  makes  it  desirable  to  have  some  kind  of  test 
that  can  be  used  to  predict  the  possibility  of  the 
development  of  explosions  from  weak  stimuli  which 
might  occur  in  the  handling  of  large  masses  of 
material.  That  this  cannot  be  done  on  the  basis  of 
tests  presently  considered  standard  is  shown  dramati- 
cally by  the  explosion  of  a tank  car  of  aqueous 
monomethylamine  nitrate  solution  at  Wenatchee, 
Wash.,  in  1974,  (1 1)  and  by  the  explosions  of  two 
tank  cars  of  NM  at  Mt.  Pulaski,  111.,  and  Niagara  Falls, 
N.Y.,  in  1958,(12) 

The  purpose  of  this  paper  is  to  describe  a test 
devised  for  the  study  of  the  development  of  explo- 
sive reactions  from  weak  stimuli  in  large  masses  of 
marginally  explosive  liquids.  It  is  not  pertinent  to 
the  purpose  of  this  paper  to  differentiate  precisely 
between  high-velocity  detonations,  low-velocity 
detonations,  non-ideal  detonations,  etc.  An  “explo- 
sion" will  be  considered  to  be  any  chemical  reaction 
that  releases  gases  and  energy  rapidly  enough  to 
cause  rupture  of  the  confinement  and  displacement 
of  surrounding  objects.  A marginal  explosive  is  any 
material  not  intended  to  be  used  as  an  explosive  and 
that  cannot  be  detonated  by  a No.  8 blasting  cap, 
but  that  is  at  least  theoretically  capable  of  reacting 
in  the  way  just  described.  A weak  stimulus  is 
arbitrarily  defined  as  one  that  produces  pressures 
less  than  1 kilobar. 
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DESCRIPTION  OF  THE  EXPERIMENT 

A schematic  drawing  of  the  experiment  is  given 
in  figure  1 . The  marginally  explosive  liquid  (MEL) 
is  contained  in  a steel  cylinder  of  1 0.2-cm  inside 
diameter,  15.2-cm  length,  and  1.27-cm  wall  thickness, 
with  a 20.3-cm-square,  5.1-cm-thick  steel  plate  welded 
to  one  end  and  a 0.0076-cm-thick  polyethylene 
diaphragm  fastened  across  the  other  end.  Air  bubbles 
are  introduced  into  the  liquid  by  means  of  a 1 5-cm 
length  of  polyvinyl  chloride  tubing  (0.24-cm  outside 
diameter,  0.04  cm  wall  thickness)  which  is  closed  at 
the  end  but  which  has  two  rows  of  pinholes  (.023-cm 
diameter)  spaced  0.3  cm  apart  along  the  entire  length. 
Air  is  supplied  to  the  bubbler  tube  at  a gage  pressure 
of  0.55  to  1 .4  bars,  depending  on  the  properties  of 
the  liquid,  to  maintain  a bubble  field  as  nearly  uni- 
form as  possible  from  one  liquid  to  another. 

The  initiating  stimulus  is  provided  by  the  impact  of 
a steel  projectile  9.84  cm  in  diameter,  and  13.3  cm 
long,  weighing  8.1  kg.  The  projectile  is  provided  with 
two  bands  of  rubber  tape  1 .9  cm  wide;  one  of  the 
bands  is  at  the  rear  of  the  projectile,  and  the  other  is 
slightly  forward  of  the  middle  of  the  projectile.  The 
bands  are  just  thick  enough  to  produce  a snug  fit  in 
the  projector  barrel.  The  projectile  is  propelled  down 
a steel  barrel  (1 0.2-cm  ID,  3.3-m  length)  by  com- 
pressed air  from  a 72-liter  reservior.  A quick-opening 
“valve”  used  to  admit  the  air  to  the  barrel,  consists 
of  a multilayer  diaphragm  made  from  cellulose 
acetate  sheets  0.025-cm  thick  across  a pipe  flange  at 
the  breech  end  of  the  barrel.  The  number  of  layers 
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Fig.  1.  Experimental  arrangement 


needed  depends  on  the  pressure  used:  approximately 
one  layer  for  each  three  bars  is  typical.  The  diaphragm 
is  burst  by  a No.  8 electric  blasting  cap.  The  projec- 
tile velocity  is  measured  electronically  by  the  contact 
of  the  projectile  with  two  pairs  of  fine  copper  wires 
stretched  across  the  diameter  of  the  barrel  spaced 
50  cm  apart.  As  would  be  expected,  the  velocity 
attained  varies  roughly  as  the  square  root  of  the 
pressure:  at  21  bars,  approximately  90  m/sec  is 
attained.  The  sample  (acceptor)  is  approximately 
4 cm  from  the  end  of  the  barrel  and  is  aligned 
co-axially  with  it  to  a precision  of  about  ±0.04  cm. 

It  should  be  noted  that  the  projectile  diameter  is  less 
than  that  of  the  sample  container  by  0.32  cm;  this  is 
to  allow  some  margin  for  misalignment  so  that  the 
projectile  does  not  touch  the  walls,  and  also  to  pro- 
vide some  relief  for  the  internal  pressure,  since  the 
experiment  is  intended  to  simulate  realistic  situations 
in  which  there  is  some  possibility  of  venting  and  in 
which  the  confinement  is  provided  primarily  by  the 
mass  (inertia)  of  the  material  itself.  In  this  experi- 
ment the  inertia  is  provided  by  the  projectile,  which 
must  be  decceleratcd  and  repulsed  in  order  to  relieve 
the  pressure  in  the  sample. 

The  occurrence  of  explosion  is  based  on  the  rup- 
ture of  the  sample  cylinder,  the  blast  produced,  and 
the  consumption  of  the  liquid.  Although  the 
materials  tested  vary  greatly  in  their  explosive  output 
and  the  impact  pressures  are  occasionally  sufficient 
to  crack  the  weld  joint,  the  minimum  criterion  for 
assessing  the  occurrence  of  explosion  is  that  the 
cylinder  be  essentially  completely  unfolded  into  a 
strip  or  broken  to  pieces,  that  significant  blast  be 
produced,  and  that  the  material  be  completely 
consumed.  Only  one  material,  liquid  dinitrotoluene, 
was  found  to  be  consumed  without  container  damage 
or  blast,  and  one  other,  52/48  nitromethane/1- 
nitropropane,  was  consumed  and  produced  blast 
without  container  damage;  these  were  assessed  as 
“deflagrations.” 

It  was  found  to  be  quite  difficult  to  either  control 
or  characterize  the  bubble  field  in  the  sample. 
Photographic  observation  suggests  that  the  diameters 
of  the  bubbles  are  in  the  range  of  0.05  to  0.2  cm,  and 
the  density  of  the  bubbles  appears  to  be  in  the  range 
of  0.5  to  10  cm-3 , depending  on  the  viscosity  and 
surface  tension  of  the  liquid.  The  importance  of 
bubble  size  and  density  was  established  in  the  earliest 
experiments  with  nitromethane,  wherein  it  wu  found 
that  initiations  could  not  be  obtained  at  the  highest 
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velocity  available  when  only  one  or  a few  large 
bubbles  were  present.  This  observation  also  lends 
weight  to  the  supposition  that  the  compression  of 
the  bubbles  is  the  initiation  mechanism,  rather  than 
friction  due  to  possible  contact  of  the  projectile  with 
the  acceptor  walls,  or  viscous  heating  of  the  liquid 
flowing  between  the  projectile  and  the  acceptor  walls. 

The  pressures  produced  by  reaction  cannot  be 
stated  with  certainty.  Several  experiments  using  NM 
were  instrumented  with  piezoresistive  pressure  gages, 

( 1 3)  and  the  response  of  these  suggests  pressures  in 
the  range  1-10  kilobars,  but  it  is  not  certain  whether 
the  calibration  of  the  gages  for  normal  shock  waves 
should  be  applied  in  a situation  where  t)>  ’age  is 
subjected  to  non-uniform  pressure  fields  mat  increase 
over  a time  scale  of  about  1 0"4  seconds.  Since  the 
impact  of  the  projectile  at  the  highest  velocity  pro- 
duces about  2.5  kilobars  and  this  normally  only 
slightly  bulges  the  acceptor  and/or  cracks  the  weld, 
the  pressures  involved  in  those  cases  assessed  as 
“explosions,”  which  completely  unfold  or  shatter 
the  acceptor,  would  seem  to  be  much  greater.  How- 
ever, since  deliberate  initiation  of  high-velocity 
detonation  in  NM  in  these  acceptors  by  means  of  a 
tetryl  booster  produces  smaller  fragments  than  the 
reaction  induced  in  this  experiment,  the  latter  prob- 
ably cannot  be  considered  a fully  developed  Chapman- 
Jouguet  detonation. 


RESULTS  AND  DISCUSSION 

To  date,  most  of  the  materials  tested  have  been 
those  that  are,  or  have  been,  transported  in  large 
bulk  quantities  (e.g.,  38,000-liter  railroad  tank  cars). 
The  results  are  given  in  table  1 . The  “threshold 
velocities”  given  in  this  table  are  the  mean  between 
the  highest  velocity  at  which  no  explosion  resulted, 
and  the  lowest  velocity  at  which  explosion  resulted. 
The  error  interval  given  is  the  difference  between 
these  values.  No  inversions  (negative  result  at  a 
higher  velocity  than  a positive  result)  were  observed 
in  this  experiment.  In  one  case  (52/48  nitromethane/ 
1-nitropropane)  a negative  and  positive  result  were 
obtained  at  the  same  velocity. 

Referring  to  this  table,  it  will  be  noted  that  the 
two  materials  that  have  “detonated”  without  obvi- 
ously sufficient  stimulus  in  tank  cars,  namely  NM 
and  the  amine  nitrate  solution,  are  those  that  have 


the  lowest  threshold  velocities  for  explosion  in  this 
experiment,  namely  24  m/sec.  Because  of  differences 
in  scale  size,  confinement,  etc.,  it  is  of  course  not 
possible  to  state  that  the  velocities  in  the  table  can  be 
identified  with  impact  velocities  that  are  likely  to 
cause  explosion  in  realistic  situations;  it  does,  how- 
ever, seem  reasonable  to  believe  that  the  velocities 
reported  give  relative  rankings  of  the  safety  of  a 
particular  formulation  in  a large-scale  bulk  transport 
operation.  Since  the  LVD  model  assumes  that  the 
reaction  at  the  walls  of  the  bubbles  is  a monopropel- 
lant burning,  it  would  be  tempting  to  attempt  to 
correlate  the  results  obtained  with  burning  rates. 

Only  limited  success  would  be  expected  with  such  a 
correlation,  since  the  dependence  of  burning  rate  on 
pressure  is  in  general  not  known,  and  the  pressures  in 
the  bubbles  arc  probably  much  higher  than  that 
attainable  in  a strand-burning  apparatus.  Neverthe- 
less, such  a comparison  is  set  out  in  table  1 , from 
which  it  can  be  seen  that  rough  correlation  exists; 
namely,  that  those  systems  that  have  burning  rates 
less  than  about  0.1 3 cm/sec  at  1 1 Mpa  do  not  seem 
to  explode  at  the  highest  velocity  attainable  in  this 
experiment,  and  those  that  have  burning  rates  sub- 
stantially greater  than  0.1 3 cm/sec  at  the  same 
pressure  exploded  at  lower  impact  velocities. 


THEORETICAL  DISCUSSION 

A detailed  description  of  the  dynamics  of  a field 
of  bubbles  that  are  burning  at  their  surfaces  requires  a 
twofold,  three-dimensional  hydrodynamic  treatment 
(the  neighborhood  of  any  bubble  is  a three-dimen- 
sional problem,  and  the  motion  of  the  whole  liquid 
in  response  to  the  collective  motions  of  the  bubbles 
is  another  such  problem);  such  a treatment  is  quite 
beyond  the  scope  of  this  paper.  What  is  presented 
here  is  an  extremely  simplified  model;  it  is  believed, 
however,  that  the  assumptions  made  do  not  invali- 
date the  predictions  of  the  model,  but  only  limit 
their  accuracy. 

The  first  such  assumption  is  that  the  liquid  may 
be  considered  as  essentially  incompressible.  This 
obviously  limits  the  applicability  of  the  model  to 
pressures  less  than  the  order  of  a few  kilobars,  that  is, 
to  the  early  stages  of  defiagration-to-detonation 
transition.  With  this  assumption,  the  radial  velocity 
u of  the  liquid  at  a distance  r from  the  center  of  a 
bubble  of  radius  rb  is 
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(1) 


(2) 


'b2ub 


r=Ub+uE 


where  Ub  is  the  radial  velocity  of  the  liquid  at  the 
boundary  of  the  bubble. 


Equation  (1)  can  be  differentiated  with  respect  to 
time,  and  substituting  equation  (2),  one  has 


One  notes  that  the  growth  of  the  bubble  is  due  to 
the  flame  eroding  the  liquid  at  an  effective  velocity 
Ug , as  well  as  to  the  outward  motion  of  the  liquid, 
i 
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TABLE  l • 


Comparison  of  Experimental  Results  with  Liquid 
Strand  Burning  Rates 


Material 

Threshold 

velocity, 

m/sec 

Burning  rate 
at  11  MPa1/ 
cm/sec 

NM 

24  ±2 

.27 

Amine  nitrate  aqueous* 

24±6 

1.52/ 

solution  88% 

Amine  nitrate  aqueous* 

59  ±6 

.605 

solution  69% 

Nitrate  ester  aqueous* 

53.5  ±7.5 

.28 

solution  75% 

Nitrate  ester  aqueous* 

61  ±2 

.31 

solution  50% 

.21  -12  V 

n-Propyl  nitrate 

91.5  ±1.5 

Dinitrotoluene 

52.5  ±4.54/ 

.29 2/ 

NM/l-NP  52/48 

^90*1 

.026 5/ 

Nitrate  ester  aqueous* 

>113 

6/ 

solution  38% 

NM/Toluene  70/30 

>122 

.10 

NM/ Benzene  70/30 

>114 

.12 

NM/2-NP  53/47 

>119 

.028 

NM/Cyclohexanone 

>92 

.04 

75/25 

NM/Dioxane  65/35 

>91 

.03 

NM/Methanol  55/45 

>91 

.031 

NM/Methylchloroform 

>92 

.08 

70/30 

.01 5*/ 

NM/Butylene  Oxide  60/40 

>74 

•Proprietary  competitions. 

1/Oata  reference. 

2/Meawred  at  7 MPa. 

3/Uiutable  burning. 

4/Deflagratioiu. 

5/Meaiuradet  9.5  KPa. 

6/Cannot  be  ignited  at  this  preiwre. 
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One  then  defines  a “vicinal  pressure,”  Pv,  as  the 
pressure  at  a large  distance,  rv,  from  the  bubble  under 
consideration  (rv  » rb);  it  should  be  remembered 
that,  for  the  bubble  field  as  a whole,  Pv  is  still  a local 
pressure,  not  to  be  confused  with  the  pressure  exter- 
nal to  the  entire  system.  The  hydrodynamic  form  of 
Newton’s  second  law  may  then  be  integrated  from  rb 
to  rv,  using  equation  (3)  and  neglecting  terms  in 
l/rv  (since  l/rv«  1 /rb).  obtaining 


Pb=P V+P 


rb 


dUb 

— + 2Ub(Ub  + UB) 
dt 


(4) 


where  Pb  is  the  pressure  in  the  bubble  and  p is  the 
density  of  the  liquid.  Setting  the  volume  of  the 
bubble  equal  to  the  volume  of  the  combustion 
products,  using  the  Abel  equation-of-state,  and 
assuming  isothermal  expansion  for  the  sake  of 
simplicity , one  obtains 


where  n is  the  number  of  moles  of  gas  contained  in 
the  bubble,  R is  the  gas  constant,  T is  the  absolute 
temperature,  and  b is  the  average  covolume.  Dif- 
ferentiating equation  (S)  with  respect  to  time  and 
using  equation  (2),  one  obtains 


p2  dt 
rb 


but 


— = 4ffn0prbUg, 


(7) 


where  n0  is  the  number  of  moles  of  product  gases 
produced  per  gram  of  liquid  consumed  Inserting  this 
into  equation  (6)  and  rearranging,  one  has 


nRT 

*"bPb 


<*b 

dt 


(8) 


may  be  neglected  in  comparison  with  RT/Pb;  this  is 
a good  assumption  for  values  of  Pb  less  than  the 
order  of  tens  of  kilobars.  Second,  the  effective  burn- 
ing rate  UB  will  be  considered  a linear  function  of 
the  pressure  Pb,  i.e., 


UB  = 0Pb  (9, 

where  /3  is  a constant.  Inserting  equation  (9)  into 
equation  (8),  dropping  the  term  (bn„p  - 1 ),  and 
rearranging,  one  has 

dPb  Arrrgpg 

= “r=“  (RTnotf  “ Ub).  (10) 


Inserting  equation  (9)  into  equation  (4)  and  rearrang- 
ing yields 


(In  the  solution  of  equations  (2),  (10),  and  (1 1),  r,  P, 
and  Ub  are  found  to  be  slowly  damped  oscillating 
functions  of  time.) 

It  remains  now  to  consider  the  vicinal  pressure  and 
the  system  as  a whole.  Consider  a spherical  mass  of 
reactive  liquid  of  radius  rx  and  a spherical  shell  of 
radius  r within  the  liquid,  enclosing  a constant  mass. 
Due  to  the  expansion  of  the  bubbles  contained 
within  it,  this  shell  will  expand  with  a velocity  given 
by 


U = 


1 dV 


(12) 


where  dV/dt  is  the  rate  of  expansion  of  the  volume 
enclosed. 


If  the  liquid  is  incompressible,  then  dV/dt  is  just 
the  rate  of  increase  in  the  volume  of  the  gas  minus 
the  volume  rate  of  consumption  of  the  liquid  and 
by  the  arguments  used  in  developing  equation  (10)  it 
is  just 


^ = 16n2p  j r2r£ubdr, 


Before  proceeding  further,  other  simplifying  assump- 
tions will  be  made.  First,  the  quantity  (bn 0p  - 1) 
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where  v is  the  number  of  bubbles  per  unit  volume  of 
liquid.  Thus 


U = 4m> 


f r2r2Ubdr 

*r\ 


(14) 


For  simplicity  it  will  be  assumed  that  the  spherical 
mass  of  liquid  consists  of  an  inner  region  of  radius  r i , 
containing  uniformly  reacting  bubbles,  and  an  outer 
shell  of  radius  r(),  in  which  the  bubbles,  if  present, 
arc  nonreactive.  Then  equation  (14)  may  be  rewritten 


(15) 


Differentiating  equation  (1 5)  again  with  time  and 
noting  that  wj  is  invariant  (creation  of  new  cavities 
is  not  a feature  of  this  model),  and  using  equation  (2), 
one  has 

dU  _ 4ff  3 j T * W^»»> 

dt  3 W»  2 

‘ (16) 

Using  equation  (9)  for  Ug,  the  resulting  expression 
for  dU/dt  may  be  substituted  into  the  hydrodynamic 
form  of  Newton’s  second  law  and  integrated  to  give 


This  shows  that,  as  the  quantity  47t/3  vr2rb(l  - r j / 
r())  increases,  the  value  of  Pv  approaches  that  or  Pb. 
The  effect  is  to  reduce  the  outward  acceleration  of 
the  bubbles,  given  by  equation  (11),  which  is  precisely 
what  would  be  expected.  The  bubble  volume  thus 
cannot  increase  as  rapidly  as  product  gases  are 
formed,  and  the  internal  pressure  increases  much 
more  rapidly  than  in  the  case  of  a single  bubble. 
Equations  (2),  (10),  and  (11)  may  be  integrated 
numerically  using  equation  (19).  Results  for  various 
values  of  the  parameters  are  illustrated  in  figure  2. 

These  curves  show,  as  expected,  that  the  develop- 
ment of  explosive  reaction  is  very  sensitive  to  the 
burning  rate  parameter  0 (compare  curves  A and  B, 
which  show  an  order  of  magnitude  increase  in  the 
pressure  at  any  time  with  a factor  of  2 increase  in  0), 
somewhat  sensitive  to  the  radius  ri  of  the  cavitatcd 
portion  (compare  B and  C),  slightly  sensitive  to  the 
radius  r„  of  the  entire  mass  (compare  curves  C and  D), 
and  somewhat  sensitive  to  the  bubble  density  v 
(compare  curves  D and  E).  These  calculations  were 
started  with  atmospheric  pressure  in  the  bubbles, 
with  initial  bubble  radius  0.1  cm,  and  with  initial 
value  of  Ub  = 1 cm/sec.  The  value  of  the  quantity 
RTn0p  was  taken  as  101°  dyn/cm2.  The  “hook”  at 
the  end  of  some  of  the  curves  is  due  to  the  fact  that 
the  outer  boundary  of  the  liquid  is  now  expanding  so 
rapidly  that  the  reaction  can  no  longer  sustain  the 
pressure. 


„ „ 4j  i 

Pv  = Po  + y Pwfr b 


+ 2Ub(Ub  + UB) 


rb 


dUh 

dt 


<-a- 


(17) 


where  PQ  is  the  pressure  external  to  the  entire  mass  of 
liquid.  Noting  that  p times  the  quantity  in  brackets 
is  just  Pb  - Pv  by  equation  (4),  one  can  write 


Pv  = P„  + y pr2rb(Pb-Pv)(l--^).  (18) 


This  can  be  rearranged  to  yield 


„ 4t  1 « 
po + y "rirbpb 


i'-d 


'*£  "M1  -r) 


(19) 


o»  t-»  .ill  t U 
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Fig.  2.  Calculated  bubble  presave  vs  time  for  various 
values  of  parameters 
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It  is  obviously  not  possible  at  present  to  test  in  detail 
the  validity  of  this  model,  since  realistic  values  of  the 
pertinent  parameters  are  largely  unknown,  as  are  the 
results  of  the  type  of  experiment  that  would  be 
required  to  test  it.  Furthermore,  the  limitations  of 
the  model  at  this  stage  are  obvious;  namely,  the  use 
of  the  Abel  cquation-of-state,  and  the  assumptions 
that  the  liquid  is  incompressible,  that  the  bubble  ex- 
pansion is  isothermal,  and  that  increases  in  the 
surface  area  of  the  bubbles  due  to  hydrodynamic 
effects  can  be  accounted  for  simply  by  using  an 
enhanced  value  of  the  effective  burning  rate.  These 
simplifications  require  future  elaboration.  What  is 
offered  here  is  a framework  of  a model  for  a process 
which  the  authors  feel  deserves  considerably  more 
attention,  both  theoretically  and  experimentally,  for 
its  inherent  scientific  interest  as  well  as  its  relevance 
to  hazard  prediction. 


CONCLUSIONS 

A test  has  been  described  that  demonstrates  that 
cavitatcd,  marginally  explosive  liquids,  when  sub- 
jected to  relatively  weak  shocks  under  the  confine- 
ment provided  by  the  inertia  of  a large  mass,  can 
react  in  a way  that  resembles  a low-velocity  detona- 
tion. A simplified  theoretical  model  of  such  an  event 
has  been  developed  which,  in  principle,  permits  the 
prediction  of  the  development  of  explosive  reaction 
in  large  masses  of  such  material.  The  theoretical 
model  indicates,  in  agreement  with  experiment,  that 
the  development  of  explosion  is  critically  dependent 
on  the  dependence  of  burning  rate  on  pressure,  and 
also  increases  both  with  bubble  density,  and  impor- 
tantly, with  scale  size.  The  results  of  both  the 
experiment  and  the  model  indicate  that  the  hazard 
potential  of  a large  mass  of  marginally  explosive 
liquid  can  be  estimated  from  experiments  of  the  type 
described  herein,  or  from  the  basic  properties  of  the 
liquid,  in  particular,  the  burning  rate-vs-pressure 
relationship. 


ACKNOWLEDGMENTS 

The  authors  wish  to  thank  Mr.  i.  T.  Naughton, 
who  did  some  of  the  calculations,  and  Messrs  J.  A. 
Brandis,  A.  E.  Page,  A.  D.  Prokop,  and  D.  A.  Voigt, 
who  executed  the  experiments. 


REFERENCES 

1 . Ribovich,  J.,  R.  W.  Watson,  and  F.  C.  Gibson. 
Instrumented  Card-Gap  Test.  AIAA  Journal,  v.  6, 
No.  7,  July  196ft,  pp.  1260-1263. 

2.  Gibson,  F.  C.j,  C.  R.  Summers,  C.  M.  Mason,  and 
R.  W.  Van  Dolah.  Initiation  and  Growth  of 
Detonation  in  Liquid  Explosives.  Proc.  Third 
Symposium  on  Detonation,  Princeton, NJ, 
September  26-28, 1960,  pp.  436-454. 

3.  Watson,  R.  W.,  C.  R.  Summers,  F.  C.  Gibson,  and 
R.  W.  Van  Dolah.  Detonation  in  Liquid  Explo- 
sives: The  Low-Velocity  Regime.  Proc.  Fourth 
Symposium  (International)  on  Detonation,  White 
Oak,  MD,  October  12-15,  1965,  pp.  1 17-125. 

4.  Hay,  J.  K.,  and  R.  W.  Watson.  Mechanisms 
Relevant  to  the  Initiation  of  Low-Velocity 
Detonations.  Ann.  NY  Academy  Sci.,  v.  152, 
1968,  pp.  621-635. 

5.  Watson,  R.  W.,  J.  Ribovich,  J.  E.  Hay,  and  R.  W. 
Van  Dolah.  The  Stability  of  Low-Velocity  Deto- 
nation Waves.  Proc.  Fifth  Symposium  (Interna- 
tional) on  Detonation,  Pasadena,  CA,  August  18- 
21,  1970,  pp.  81-88. 

6.  Hay,  J.  E.,  J.  Ribovich,  F.  H.  Scott,  and  F.  C. 
Gibson.  The  Effect  of  Physical  and  Chemical 
Properties  on  the  Sensitivity  of  Liquid  Explo- 
sives. Proc.  Fourth  Symposium  (International) 
on  Detonation,  White  Oak,  MD,  October  12-15, 
1965,  pp.  412425. 

7.  Watson,  R.  W.  The  Structure  of  Low-Velocity 
Detonation  Waves.  Twelfth  Symposium  (Inter- 
national) on  Detonation,  The  Combustion 
Institute,  Pittsburgh,  PA,  1969,  pp.  723-729. 

8.  Chaiken,  R.  F.  On  the  Mechanism  of  Low- 
Velocity  Detonation  in  Liquid  Explosives. 
Astronautics  Acta,  v.  17, 1972,  pp.  575-587. 

9.  Hildebrand,  D.  L.,  and  A.  G.  Whittaker  J.  Phys. 
Chem.,  v.  59,  1955,  pp.  10. 

10.  Ordzhorikidze,  S.  K.,  A.  D.  Margolin,  P.  F. 
Pokhil,  and  E.  Yu.  Shuridin.  Combustion  of 


] 


i 


122 


1 


Liquid  Explosives  in  a Field  of  Inertial  Forces.  12. 

Fizika  Goreniya  i Vzryva,  v.  9, 1973,  pp.  391-394. 

11.  National  Transportation  Safety  Board.  Railroad 

Accident  Report,  Burlington  Northern  Inc.,  13. 

Monomethylamine  Nitrate  Explosion,  Wenatchee, 
Washington,  August  6, 1974.  Report  No. 
NTSB-RAR-76-1. 


DISCUSSION 


Interstate  Commerce  Commission.  ExParte  213. 
Accident  Near  Mount  Pulaski,  Illinois.  305  I.C.C., 
1959,  pp.  81-87. 

Watson,  R.  W.  Guage  for  Determining  Shock 
Pressures.  Review  of  Scientific  Instruments, 
v.  38, 1967,  pp.  978-980. 


R.  I.  SOLOUKHIN 

Heat  and  Mass  Transfer  Institute 

BSSR  Grad.  Sci.  MINSK  220728  USSR 

The  effects  of  an  asymmetric  collapse  should  be 
taken  into  account  when  the  bubble  in  question  is 
subjected  to  shock  compression.  These  effects  appear 


basically  due  to  the  shock-to-surface  reflection  inter- 
actions when  asymmetrical  bubble  surface  velocity 
distributions  are  generated  before  the  gas  sphere 
begins  to  collapse.  Finally,  this  can  result  in  an 
accumulating  liquid  jet  which  develops  and  propagates 
in  the  direction  of  the  shock  wave. 


CELLULAR  STRUCTURE  OF  DETONATION  IN  NITROMETHANE 
CONTAINING  ALUMINUM  PARTICLES 


Y.  Kato  and  C.  Brochet 
Laboratoire  d’Energetique  et  de  Detonique 
(Associe  au  C.N.R.S.) 
E.N.S.M.A.,  University  de  Poitiers 
86034  Poitiers,  France 


The  detonations  of  NM-PMMA/Al  mixtures  (PMMA  is  added  as  gelling  agent)  have 
been  investigated.  The  detonation  velocity  in  tubes  of  various  diameters  has  been 
measured  to  determine  the  “ infinite  diameter  velocity  ’’  D„  in  terms  of  A l concen- 
tration. The  detonation  waves  have  been  observed  wifh  the  high  speed  framing 
camera  technique.  The  observation  through  side  tube'  wall  has  shown  the  regular 
repetition  of  failure  and  reignition  processes  revealed  owing  to  aluminum  combus- 
tion. The  butt-end  record  has  demonstrated  the  origin  and  mechanism  of  these 
processes.  The  failure  and  reignltion  processes  have  been  interpreted  on  the  basis  of 
cellular  structure.  It  has  also  been  shown  that  the  increase  of  Al  concentration  sen- 
sitizes the  explosive  mixtures. 


INTRODUCTION 

The  complex  structure  of  the  detonation  wave  can 
be  expected  for  detonating  media  such  as  liquids  and 
solids,  since  it  is  well  known  in  gaseous  mixtures.  A 
survey  paper  (1)  has  been  presented  recently  to  em- 
phasize the  progress  made  in  this  field  through  the 
preceding  works  of  Campbell  et  al.  (2),  Dremin  et  al. 
(3,4,5),  Watson  (6),  Persson  et  al.  (7),  Urtiew  et  al. 

(8)  and  Prcsles  et  al.  (9,10).  Moreover  difficulties 
have  appeared  because  the  attention  was  focused  at 
first  on  phenomena  described  as  dark  waves  and  fail- 
ure waves,  and  later,  on  the  fine  structure  left  on 
heavy  walls.  One  of  the  alms  of  this  work  is  an  at- 
tempt to  continue , on  the  idea  of  Urtiew’s  paper  ( 1 ), 
bringing  experimental  support  to  the  postulate  that 
the  failure  process  and  cellular  structure  are  strongly 
connected.  The  difficulty  in  studying  the  detonation 
in  heterogeneous  explosives  has  also  led  us  to  investi- 
gate the  liquid  explosive-metal  particles  system  (NM-A1) 
which  may  give  us  the  advantage  of  simulating  solid 
explosive.  This  system  is  particularly  interesting  for 


reactivity  of  metal  particles  in  detonation  processes. 
The  thermodynamic-hydrodynamic  code  calculations 
(11,12)  have  been  performed  for  the  detonation  in 
solid  explosive-Al  system  assuming  two  extreme  cases 
(Al  stays  Inert  or  Al  reacts  completely  to  A120-j  at 
C-J  plane),  'Die  results  show  the  strong  dependence 
of  the  C-J  temperature  on  the  Al  reactivity. 

Recently,  Teychenne  de  Blazi  et  al.  (13)  have 
measured  the  brightness  temperature  of  the  detona- 
tion in  NM-PMMA/Al  mixtures.  The  measured -bright- 
ness temperature  is  slightly  higher  than  that  measured 
when  adding  inert  particles  instead  of  Al.  At  the 
present  stage,  it  is  not  clear  whether  or  not  this  is  en- 
tirely due  to  the  combustion  of  small  part  of  Al  at 
C-J  plane.  Finally,  we  want  to  determine,  with  higher 
precision,  the  detonation  characteristics  of  NM- 
PMMA/Al  mixtures:  Uie  infinite  diameter  velocity, 
diameter  dependence  of  detonation  velocity,  the  ef- 
fect of  Al  addition  on  detonation  sensitivity  (14,15), 
and  the  effect  of  Al  addition  on  brightness  tempera- 
ture. 
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1.  Characteristics  of  the  Explosive  Mixtures 

Wc  realised  the  charges  of  nitromcthanc  (NM)  con- 
taining aluminum  particles  (Al)  in  the  range  of  con- 
centration 5-1 5%  in  mass.  The  addition  of  3%  in  mass 
of  polymethylmethacrylate  (PMMA)  to  NM  increased 
its  viscosity  sufficiently  to  obtain  stable  suspension 
of  Al  in  it.  To  avoid  air  bubbles,  the  explosive  mix- 
tures were  prepared  by  mixing  Al  with  homogeneous, 
viscous  NM-PMMA  mixture  at  least  several  hours 
before  the  shot. 

Because  of  the  opacity  of  the  explosive  mixtures, 
the  uniformity  of  Al  distribution  was  not  verified 
accurately,  but  checked  to  be  unvarying. 

The  composition  of  the  explosive  mixtures  NM- 
PMMA/A1  was  defined  by  the  mass  fraction  x of  Al  to 
NM-PMMA.  The  main  physical  properties  of  the  com- 
ponents arc  given  in  Table  I . We  have  measured  the 
initial  density  p of  the  explosive  mixtures  as  a func- 
tion of  x.  The  measurements  were  performed  within 
0.1%  at  the  temperature  range  10-25°(‘. 


Table  1 also  gives  these  measured  initial  densities 
at  T0  = 288°K,  with  those  computed  assuming  ideal 
mixtures  pth.  It  must  be  emphasized  that  the  meas- 
ured initial  densities  arc  about  0.5%  higher  than  those 
computed  assuming  ideal  mixtures. 

2.  Measurements  of  the  Detonation  Velocity 

To  determine  the  “infinite  diameter  velocity”  D°°, 
we  investigated  the  influence  of  the  charge  diameter 
on  the  detonation  velocity  when  all  other  parameters 
are  known  (mechanical  and  geometrical  configuration 
of  tubes,  position  of  the  ionization  probes).  The 
standard  detonation  tube,  as  shown  in  Pig.  1,  is  a hol- 
low, internally  polished  brass  cylinder  (290  mm  in 
length,  0.5  mm  in  thickness)  with  the  ionization 
probes  very  accurately  set  inside  polypropylene  hold- 
ers. The  upper  part  of  the  tube  is  capped  by  a cylin- 
dricaliy  confined  donor  charge,  initiated  by  an  ex- 
ploding detonator.  The  detonation  tube  has  5 
ionization  probes,  separated  by  50  mm  from  each 
other,  so  that  4 propagation  times  at  different  test 
zone  lengths  are  measured  successively  in  one  shot. 


TABLE  1 


Some  Informations  about  the  components  of  the  explosive  mixtures 


Nitrome  thane 

CH3NO2, 96%  commercial  grade 

main  impurities;  C2HjN02(2  - 2.5%),  C3H7NO2O.5  - 1.7%) 
initial  density;  1.140  g/cm3  (at  T0  * 288°K) 

• Aluminum 

99%,  main  impurities:  Cu,  Fe,  Mn  and  grease 

particle  form:  sphere,  particle  diameter  8-1 5 pm 
initial  density:  2.70  g/cm3 

PMMA 

(C5  - H8  - 02)n,  initial  density:  1.180  g/cm3 

Initial  densities  of  the  explosive  mixtures  T0  = 288°K. 


P„  (g/cm3) 

Pth  (g/«n3) 

x = 0 

1.147 

1.141 

0.05 

1.180 

1.175 

0.10 

1.216 

0.15 

1.251 
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Fig.  2.  Detonation  velocity  ofNM-PMMA/AI  mixtures  versus  d~l 
J0  = 288° K;  NM  values  are  cited  from  (16). 


The  details  of  the  ionization  probes  has  been  de- 
scribed in  (16). 

Propagation  times  were  measured  to  within  10  ns 
with  a “time  interval  electronic  counter"  connected 
with  pins  through  a signal  converter  (17),  so  that  the 
detonation  velocity  is  computed  to  within  0.1%  at 
150  mm  test  zone  length.  Thus,  detonation  velocity 
measurements  in  tubes  of  various  diameters  (d  = 1 1 , 
13,18, 25  and  31  mm)  for  different  values  of  x have 
yielded  the  variation  of  D versus  d-1 , and  thanks  to 
the  least  square  linear  approximation,  we  obtain 
finally  the  D„  values.  The  maximum  deviation  of  the 
so  defined  measured  values  from  linear  approximation 
docs  not  exceed  1 m/sec  in  the  case  of  x * 0,  and 
6 m/sec  in  the  caac  of  x - 0.05,0.10,0,15.  The  D„ 
values  may  be  considered  to  be  known  to  within 
1 m/sec  in  the  first  case,  and  6 m/sec  in  the  latier 
case. 


Fig.  J,  Infinite  diameter  velocity  ofNM-PMMA/AI 
mixtures  versus  x;  T0  = 288° K, 


The  results,  given  in  Fig.  2 (Detonation  velocity 

versus  d-1 ) and  Fig.  3 (variation  of  D„  value  in  func-  and  1 3 mm)  in  the  case  x * 0.  In  other  cases  (x  * 

tion  of  x)  show  the  following  particular  features.  0,05, 0.10, 0.1 5),  we  distinguish  slight  deviation  at 

diameter  d a 1 1 mm.  These  measured  values  were 

1 . We  observe  a deviation  of  measured  values  from  neglected  in  the  least  square  approximation  to  deter- 
the  linear  approximation  at  small  diameter  (d  «*  1 1 mine  D„. 
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2.  The  D„  value  of  NM-PMMA  mixtures  is  25 
m/sec  higher  than  that  of  commercial  grade  NM  (16). 

3.  The  addition  of  A1  noticeably  diminishes  the 
slope  IdD/aCd-1)!. 

4.  Within  the  measured  x range,  the  detonation 
velocity  decreases  in  proportion  to  A1  fraction  x. 

5.  The  linear  extrapolation  of  D^x)  to  x = 0 
gives  6277  m/sec  as  DM(0).  This  value  is  evidently 
different  from  the  measured  value  63 1 S m/sec  within 
the  experimental  error  (Fig.  3). 

It  may  be  emphasized  that  the  precision  of  veloc- 
ity measurements  has  been  improved  with  a new  ex- 
perimental set-up.  Taking  into  account  the  higher 
measured  initial  density  shown  in  Table  1 , the  fact  de- 
scribed in  (2)  seems  to  be  the  result  of  a molecular  in- 
teraction between  NM  and  PMMA.  The  accuracy  of 
the  whole  results  seems  to  us  to  confirm  the  A1  distri- 
bution uniformity  in  the  mixtures. 

According  to  the  author’s  knowledge,  there  are  no 
exactly  comparable  data  for  aluminized  explosives. 
Cited  by  Price  et  al.  (18),  Colebum  et  al.  have  studied 
the  effect  of  Al  on  the  detonation  velocity  at  a fixed 
diameter  (d  = 50.8  mm)  of  TNT,  RDX  and  TNETB. 
Their  results  show  that  in  aluminized  TNT,  the  deto- 
nation velocity  decreases  proportionally  to  Al  con- 
centration, but  not  in  proportion  to  Al  concentration 
in  aluminized  RDX  and  TNETB. 

We  cannot  apply  the  empirical  equations  suggested 
by  Kamlet  and  Jacobs  (19)  to  NM-PMMA/A1  mix- 
tures owing  to  the  difficulty  cited  by  Kamlet  and 
Ablard  (20). 


3.  The  High  Speed  Framing  Camera  Observations 


6 mm  thick  glass  plate.  The  explosive  mixtures  were 
initiated  by  a 50  mm  long,  cylindrically  confined 
donor  charge  through  a 2 mm  thick  teflon  barrier. 

The  camera  view  was  directed  along  the  axis  of  the 
tube  normal  to  the  detonation  wave  front.  Because  of 
the  opacity  of  the  explosive  mixtures,  we  observed 
the  evolution  of  detonation  phenomena  in  the  thin 
layer  of  explosive  in  contact  with  end  glass  plate. 

Our  observations  time  was  limited  to  about  1 Msec. 
Mallory  and  McEvan  (21)  have  studied  the  trans- 
parency of  glass  and  certain  plastics  under  shock 
attack,  and  they  have  shown  that  these  materials  stay 
transparent  until  shattered  by  tension  waves.  Our  ob- 
servations confirmed  their  experimental  results. 

Figure  4 shows  the  sequence  of  the  butt-end  record 
of  the  detonation  wave  in  NM-PMMA/A1  (x  = 0.10) 
confined  in  PVC  tube.  Figure  5 shows  the  enlarge- 
ment of  4th  frame  in  Fig.  4. 

As  shown  by  Persson  and  SJolin  (22),  the  detona- 
tion light  loses  its  intensity  rapidly  upon  impact  on 
end  glass  plate. 


3.1  The  butt-end  observations. 


We  observed  the  detonation  waves  through  end 
glass  plate  with  high  speed  electronic  framing  camera 
1MACON  ( 1 07  frames/sec,  exposure  time  20  ns\ 

The  detonation  tube  was  a 100  mm  long  polished 
brass  cylinder  (inside  diameter  18  mm,  wall  thickness 
1 mm),  or  140  mm  long  polyvinylchloride  (PVC) 
cylinder  (inside  diameter  18  mm  wall  thickness 
4 mm).  One  end  of  both  tubes  was  covered  with  a 


Fig.  4.  Sequence  of  the  butt-end  record  of  the 
detonation  in  NM-PMMA/ Al  (x  = 0.10)  con- 
fined in  PVC  tube;  time  interval  is  100  ns;  the 
detonation  front  is  curved  and  its  upper  part 
(1st  and  2nd  frame)  is  disturbed  by  ionization 
probe  located  5 mm  from  the  end  glass  plate 
triggering  the  camera;  the  dark  point  in  the  cen- 
ter of  each  frame  is  due  to  the  defect  of  photo- 
cathode of  camera  IMACON. 
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With  certain  delay,  the  luminous  zones  coirespond- 
ing  to  aluminum  combustion  appear.  Particular  fea- 
tures are  observed  on  the  charge  periphery.  In  the 
2nd  frame,  we  observe  the  failure  waves  in  half- 
circular band  shape  which  are  produced  at  the  wall, 
and  behind  them,  reinitiation  waves.  In  the  3rd 
frame,  the  light  of  reinitiation  waves  is  quenched 
upon  impact  on  end  plate.  In  the  4th  frame,  the 
luminous  zones  due  to  aluminum  combustion  appear 
in  the  same  place  where  reinitiation  waves  have  been 
generated  just  before.  The  penetration  of  the  failure 
waves  is  limited  to  charge  periphery. 

Figure  6 shows  the  sequence  of  butt-end  record  of 
the  detonation  wave  in  the  same  explosive  mixture 
confined  in  brass  tube.  The  general  aspects  are  similar 
to  those  described  for  Fig.  4.  However,  considering 
'.he  resolving  power  of  Polaroid  film,  we  cannot  ob- 
serve any  failure  wave  in  this  case. 

3.2  The  observations  through  lateral  window. 

To  get  additional  information,  we  observed  the 
detonation  waves  through  a side  PMMA  wall  with  a 
high  speed  framing  camera  CI4  ( 106  frames/scc,  ex- 
posure time  0.3/jscc).  Tire  experiments  were  carried 
out  with  a 100  mm  long,  cross-section  (20  x 20  mm2) 
tube  composed  of  1 .5  mm  thick  upper  and  lower 
brass  walls  and  6 mm  thick  PMMA  side  walls.  PMMA 
was  used  because  it  has  about  the  similar  shock  impe- 
dance of  PVC.  Figure  7 shows  the  sequence  of  devel- 


Fig.  5.  Fnla>gement  of  4 th  frame  in  H g,  4, 


opment  of  the  detonation  wave  in  NM-PMM  A/Al 
(x  = 0.10)  mixture.  The  very  fine,  regular  criss-cross 
pattern  composed  of  bright  and  dark  lines  is  charac- 
teristic of  records.  Comparing  with  Fig.  4 we  can 
identify  the  dark  lines  to  be  the  traces  of  failure 
waves  generated  at  the  wall  and  the  bright  lines  corre- 
spond to  aluminum  combustion  initiated  in  the  re- 
initiation waves.  Persson  and  Bjarnholt  (7)  have  suc- 
ceeded in  demonstrating  the  long  life  failure  and  re- 
ignition processes  in  NM  detonation  confined  in 
glass  tube  with  the  open-shutter  aquarium  tech- 
nique. In  our  experiments,  the  regular  repetition  of 
failure  and  reignition  processes  was  revealed  owing  to 
the  aluminum  combustion.  It  is  also  remarked  that, 
near  the  detonation  front,  the  traces  of  failure  waves 
are  straight  and  their  angle  between  charge  axis  arc 
constant,  but  far  behind  the  front,  they  are  slightly 
curved  toward  charge  periphery  along  the  expansion 
of  the  tube.  These  facts  lead  us  to  the  conclusion 
that  the  transverse  velocity  of  the  failure  waves  is  con- 
stant, and  also  give  us  the  possibility  of  measuring  the 
transverse  velocity  of  failure  waves. 

Figure  8 shows  ihc  effects  of  aluminum  concentra- 
tion on  the  failure  and  rcignition  processes.  In  the  case 
of  x * 0.05,  the  criss-cross  pattern  size  is  rather  en- 
larged and  the  dark  lines  arc  predominant.  On  the 
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Fig.  6.  Sequence  of  the  butt-end  record  of  the  deto- 
nation in  NM-FMMA/Al  (x  = 0.1  U)  confined  in  brass 
tube;  time  interval  is  1 00  ns  and  exposure  time,  is  20 
ns;  on  the  top  of  the  charge,  the  luminous  point  due 
to  shock  wave  in  air  bubble  is  observed;  the  dark 
point  in  the  center  of  each  frame  is  due  to  the  defect 
of  photocathode  of  camera  IMACON. 
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contrary,  in  the  case  of !x  = 0.1 5,  the  criss-cross  pat- 
tern size  is  i ndistinguishably  small,  and  bright  lines 
are  prevalent. 

To  estimate  the  critical  conditions  of  NM- 
PMMA/A1  (x  = 0,10)  mixture,  the  experiment  was 
performed  with  a tube  of  the  same  size  except  cross- 
section  (4  x 20  mm2).  The  records  show  that  the 
detonation  wave  propagates  at  constant  velocity.  We 
also  confirmed  that  the  criss-cross  pattern  appears 
just  after  the  initiation  behind  teflon  barrier. 

3.3  Tentative  interpretation. 

Recently,  Urtiew  (1)  has  clearly  interpreted  the 
failure  process  described  as  dark  waves  or  failure 
waves  on  the  basis  of  the  cellular  structure  of  the 
detonation  front.  Our  explanation  is  based  on  the 
model  proposed  by  Urtiew. 

Because  of  the  weak  shock  impedence  of  PVC 
tube,  the  elementary  triple-wave  intersection  fails  to 
reflect  off  the  wall  (a  rarefaction  wave  penetrates  in- 
side the  reaction  zone).  This  lack  of  reflection  gener- 
ates the  failure  wave  which  concentrically  propagates 
inward  at  the  constant  velocity  weakening  the  next 
triple-wave  intersection.  Because  of  high  sensitivity  of 
NM-PMMA/A1  mixtures,  the  rcignition  sites  appear 
after  short  induction  time  in  the  shock  compressed 
mixture  and  catch-up  the  leading  shock.  In  this  reini- 


tiation wave,  the  aluminum  combustion  takes  place 
on  the  charge  periphery.  Because  the  reinitiation  wave 
takes  place  in  overdriven  mode,  the  failure  wave  does 
not  appear  immediately  after  the  catch  up  of  leading 
shock  by  reinitiation  wave,  as  shown  on  Fig.  9.  The 
failure  and  reignition  processes  are  repeated,  thus 
printing  the  regular  pattern  observed  in  lateral  obser- 
vations. 

In  a brass  tube,  the  elementary  triple-wave  inter- 
section can  be  reflected  owing  to  higher  3hock  im- 
pedance of  the  wall.  After  the  reflection  from  the 
wall,  the  triple-wave  intersection  is  in  overdriven 
mode,  so  aluminum  combustion  takes  place  and  no 
failure  wave  is  generated  on  the  charge  periphery. 

The  effect  of  A1  concentration  shown  in  Fig.  8 
also  may  be  explained  as  follows: 

In  the  case  of  x = 0.05,  the  induction  time  in 
shocked  condition  is  longer  than  in  the  case  of  x > 
0.05,  so,  the  failure  waves  can  propagate  over  a 
rather  long  distance  before  the  reinitiation  waves 
catch-up  the  leading  shock  waves.  On  the  contrary, 
in  the  case  of  x * 0.1 5,  because  of  the  very  short 
induction  time,  the  reinitiation  wave  catch-up  the 
leading  shock  waves  much  sooner.  From  this  fact,  it 
seems  that  the  increase  of  A1  concentration  diminishes 
the  induction  time  in  shocked  condition  and  increases 
sensitivity  of  explosive  mixtures. 


Fig.  9.  Scheme  of  the  regular  repetition  of  failure  and  reignition  processes. 
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4.  Discussion 


We  have  explained  the  failure  and  reignition  proc- 
esses of  the  detonation  in  NM-PMMA/A1  mixtures  on 
the  basis  of  cellular  structure.  We  believe  that  our  ob- 
servations support  the  postulate  by  Dremin  (3)  and 
Urtiew  (1);  the  detonations  in  other  liquid  explosives, 
where  the  constant  velocity  failure  waves  have  been 
observed  have  a cellular  structure.  At  the  present 
stage,  we  cannot  advance  detailed  considerations  on 
cellular  structure  because  our  experiments  have  been 
limited  to  qualitative  observations.  It  seems  possible 
however  to  draw  some  conclusions: 

1 . The  transverse  velocity  of  failure  waves  is  about 
70%  of  the  detonation  velocity  in  all  cases  (x  = 0.0S, 
0.10,0.15).  As  shown  by  Urtiew  and  Kusubov(8), 
the  transverse  velocity  of  triple  point  is  about  the 
same  as  the  detonation  velocity  in  the  NM-Acetone 
detonations. 

2.  The  increase  of  A1  concentration  sensitizes  the 
explosive  mixtures,  and  this  is  coherent  with  the 
noticeable  decrease  of  the  slope  |3D/3(d~*  )|. 

3.  According  to  Dremin  et  al.  (3),  the  critical 
diameter  is  approximately  similar  to  the  detonation 
limit  in  a weak  tube,  so  we  can  estimate  the  critical 
diameter  for  x ■ 0.10  to  be  inferior  to  4 mm. 

4.  The  delay  of  Al  combustion  may  be  estimated 
to  be  several  hundred  of  nanoseconds. 
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EFFECTS  OF  LIQUID  DILUENTS  ON  DETONATION 
PROPAGATION  IN  NITROMETHANE 
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Acetone,  nltroethane,  chloroform,  and  carbontetrachloridc  were  mixed  with 
nitromcthane.  Critical  diameters  in  brass  tube  were  determined  for  these  mixtures 
at  25°  C.  Detonation  velocities  at  infinite  diameter  and  coefficients  of  diameter 
dependence  of  the  detonation  velocity  were  also  estimated  by  applying  least  square 
method  to  the  values  obtained  by  accurate  measurements  in  various  charge  diam- 
eters. C-J  detonation  parameters  were  calculated  and  compared  with  the  observed 
velocities.  The  effects  of  these  diluents  were  summarized  and  peculiarities  found 
in  carbontetrachloride  and  so  on  were  explained  clearly  by  assuming  three  condi- 
tions for  the  effectiveness  of  the  additives  on  the  detonation  propagation  in  the 
mixture. 


INTRODUCTION 

Liquid  explosives  are  homogeneous  and  isotropic, 
so  are  much  simpler  in  their  nature  than  the  inhomog- 
eneous solid  explosives.  This  is  the  reason  why  they 
arc  suitable  to  investigate  the  detonation  propagation 
mechanism  in  condensed  phase.  Nitromethane  is  one 
of  the  most  typical  liquid  explosives  and  is  able  to  be 
observed  their  detonation  behaviors  optically  owing 
to  their  transparency.  So  its  explosive  behaviors 
have  been  well  established  by  many  workers 
(1 ,2, 3, 4,5).  Effects  of  addition  of  inert  diluents  to 
nitromethane  have  also  been  investigated  especially 
in  relation  to  the  so-called  pulsating  detonation.  In 
nitromethane,  the  detonation  front  is  not  smooth, 
but  has  cellular  structure.  The  size  of  the  structure 
increases  with  the  content  of  the  inert  diluents,  this 
is  just  like  as  in  gaseous  explosives  (6,7,8,9,10,1 1,12). 
Recently  the  similarity  between  the  detonation  in 
liquid  and  that  in  gas  has  been  reported  (6,10,1 1 ). 
Addition  of  inert  gas  such  as  argon  and  nitrogen 
affects  the  detonation  characteristics  of  the  gaseous 
explosives  and  is  useful  to  clarify  the  detonation 
mechanism  in  it.  Addition  of  inert  liquid  diluents 


to  liquid  explosives  also  affects  detonation  behaviors 
such  as  detonation  velocity,  detonation  pressure, 
critical  initiation  shock  pressure,  critical  diameter, 
and  so  on.  These  inert  diluent  effects  are  closely 
relating  to  the  detonation  propagation  mechanism,  so 
it  will  be  fruitful  to  study  them  in  elucidating  the 
detonation  mechanism  in  condensed  explosives. 

EXPERIMENTAL 

Four  kinds  of  inert  liquids:  acetone,  nitroethane, 
chloroform,  and  carbontetrachloride  were  mixed  with 
pure  nitromethane.  (It  wi’l  be  shown  later  that  nitro- 
ethane behaves  as  if  it  is  an  inert  liquid  on  the  detona- 
tion propagation  in  nitromethane.)  All  the  liquids 
including  nitromethane  were  purified  from  extra  pure 
grade  liquids,  by  adding  anhydrous  calciumchloride 
to  them  and  distilled  once.  Mixtures  were  prepared 
by  mixing  proper  quantities  of  ingredients  weighed 
with  a balance,  so  as  to  be  attained  due  ratios  in 
volume.  The  ratios  are  accurate  within  the  error 
of  ± 0. 1 % in  volume.  Densities  of  these  liquids  and 
the  mixtures  were  measured  with  Digital  Precision 
Densimeter  Model  10  (Anton  Paar  K.  G.  Austria). 
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Table  1 shows  the  observed  densities  of  the  ingredient 
liquids.  Densities  of  the  mixtures  are  listed  in  Table 

2. 

Detonation  velocities  of  these  mixtures  were 
measured  by  the  diagonal  wave  pick-up  method  which  is 
illustrated  in  the  Fig.  1 . A brass  container  tube  is 
assembled  from  three  parts:  bottom  tube,  middle  tube, 
and  upper  one.  Each  part  is  cut  from  a long  tube  and 
machined  with  a lathe  neatly  in  a proper  length.  The 
length  of  the  middle  tube  is  measured  with  the  cali- 
pers within  the  error  of  ± 0.0S  mm.  Two  pick-up 
gaps  which  are  made  by  twistug  a pair  of  0.1  mm 
diameter  magnet  wire  are  cemented  to  both  butt 
ends  of  the  middle  tube  diagonally  in  taut  as  illustrated 
in  Fig.  1 . Then  the  other  two  tubes  and  a bottom 
PMMA  plate  are  cemented  with  epoxy  bond  to  each 
other  to  form  a container. 

The  detonation  wave  which  passes  through  the 
explosive  mixture  in  the  container  shortens  the  mag- 
net wire  wave  pick-ups  successively.  This  causes  the 
successive  discharge  of  capacitors  in  the  pulse  forming 
circuit  connected  to  the  pick-ups  and  the  signals 
generated  in  the  circuit  are  sent  to  an  electronic 
counter  with  a time  measuring  plug-in  unit  through 
two  coaxial  cables  with  the  same  length,  and  the  time 
interval  between  the  signals  is  measured  digitally.  The 
time  resolution  of  the  apparatus  is  10  nsec. 

The  merit  of  this  method  lies  partly  in  the  accuracy 
of  the  measurement  of  detonation  transit  length 
owing  to  the  use  of  calipers  to  measure  it,  and  partly 
in  freeness  from  the  error  caused  by  the  disturbance 
in  the  detonation  wave  (13).  This  is  desirable 
especially  in  the  charge  near  critical  diameter,  in  such 
a case,  detonation  wave  is  so  seriously  disturbed  by 
the  rarefaction  wave  emanating  at  tube  wall  and 
penetrating  into  the  charge,  that  considerable  error 
may  be  introduced  in  transit  time  measurement  if 
the  pick-ups  are  placed  near  charge  periphery  only. 

But,  with  this  diagonal  pick-ups,  such  a disturbance 
cannot  affect  seriously,  because  the  central  part  of 
the  charge  hardly  is  disturbed  by  it  (14). 

We  used  the  middle  tubes  of  the  lengths  between 
ca.  ISO  mm  and  ca.  250  mm.  In  this  case  both 
observed  transit  time  and  observed  length  have  values 
with  four  effective  figures.  And  the  derived  detona- 
tion velocity  has  the  accuracy  within  the  error  of 
± 0.2  %. 


TABLE  1 


Density  of  the  Liquid  Measured  at  25° C 


Liquid 

Density 

(gr/c.c.) 

Nitrome  thane 

1.1278  ± 0.0005 

Carbontetrachloride 

1.5844  ± 0.0005 

Chloroform 

1.4781  ±0.0005 

Nitroe  thane 

1.0425  ± 0.0005 

Acetone 

0.7846  ± 0.0005 

Detonator 


PMMA  Plate 

Fig.  1.  Schematic  diagram  of  a container  tube  with 
the  diagonal  gaps  used  to  measure  the  detonation 
velocity. 

RESULTS 

In  Fig.  2,  the  results  of  the  test  shots  are  plotted 
in  a diagram  with  ordinate  of  charge  diameter  and 
abscissa  of  diluent  content  in  volume  percent.  Dark 
mark  represents  failed  case  and  light  one  does  ex- 
ploded case.  A critical  diameter  curve  for  each  group 
of  the  mixtures  with  a specific  liquid  diluent  is  drawn 
through  the  middle  points  between  these  failed  and 
detonated  cases.  From  Fig.  2,  it  is  clear  that  the 
order  of  the  ability  of  diluent  to  affect  the  critical 
diameter  conforms  to  the  inverse  order  of  the  density 
of  the  diluents.  The  lighter  the  liquid  is,  the  more  it 
affects  (13,15).  Except  for  carbontetrachloride 
group,  the  critical  diameter  gradually  increases  along 
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Fig.  2.  Critical  diameter  cuives  for  nitromethane-diluent  mixture  at  25° C in  brass  tube. 


Then  the  detonation  velocity  in  infinite  diameter  of 
nitromethane  is  6260.1  ± 5 m/sec  at  25°C  which  leads 
to  6343.4  ± 5 m/sec  at  4°C.  This  value  is  about  30 
m/sec  lower  than  the  value  of  6374.0  ± 8.7  m/sec 
obtained  by  Davis  et  al.  (3).  This  difference  shows 
our  nitromethane  still  contains  some  impurities  such 
as  nitroethane  and  so  on.  One  percent  dilution  in 
volume  by  these  liquids  will  result  in  reduction  of 
detonation  velocity  about  10  m/sec. 

Mixture  explosives  were  also  shot  in  brass  tubes  in 
various  diameters  and  the  detonation  velocites  were 
measured.  Each  composition  was  tested  in  tubes  with 
at  least  two  and  mostly  four  different  diameters,  and 
in  each  diameter  at  least  two  and  mostly  three  shots 
were  examined.  The  temperature  of  the  charge  ranged 
from  ca.  20°C  to  ca.  30°C.  Obtained  velocities  were 
reduced  to  the  values  at  2S°C  by  using  the  same  cor- 
rection coefficient  -3.9  m/sec/° C as  in  the  case  of 
pure  nitromethane.  For  each  mixture,  the  mean 
detonation  velocities  at  2S°C  for  respective  charge 
diameters  were  plotted  against  the  inverse  of  the 


a curve  with  upwardly  concave  shape.  In  nitromcthanc- 
carbontrachloridc  mixture,  critical  diameter  does 
not  increase  and  remains  almost  constant  with  the 
value  near  6 mm  until  the  diluent  content  reaches 
as  much  as  about  55  volume  percent.  From  that 
point  the  critical  diameter  increases  very  steeply. 

Detonation  velocities  of  nitromethane  in  brass 
tubes  with  various  diameters  were  measured  at  the 
temperature  between  ca.  20°C  and  ca.  30°C.  These 
velocities  were  calibrated  to  give  the  velocities  at 
25°C  using  the  coefficient  of  dD/dT  = - 3.9  m/sec/°C 
obtained  by  Davis  et  al.  (3).  Figure  3 shows  the  deto- 
nation velocity  dependence  on  inverse  charge  diam- 
eter. The  least  square  fit  of  these  data  gives  following 
equation  for  the  detonation  velocity  of  nitromethane 
at  25°C. 

D = 6.2601  - 0.0405  • (1  /*) 

D = Detonation  velocity,  km/sec 
<p  = Charge  diameter,  cm. 
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TABLE  2 


Detonation  Parameters  for  the  Mixtures  of  Nitrome thane  with  Diluent 


Composition 
(vol.  %) 

Density 

igr/c.c.) 

Detonation 

Velocity 

Observed 

(km/sec) 

Detonation 

Velocity 

Calc. 

(km/sec) 

Diameter 

Dependence 

Coefficient 

(cm*m/scc) 

Detona- 

tion 

Pressure 

(kbar) 

pure  NM 

1.128 

6.260 

6.328 

40.5 

r 1 - =a* 

118.0 

NM/CCI4  :90/10 

1.170 

6.099 

6.171 

44.0 

116.7 

NM/CCI4  :80/20 

1.212 

5.932 

6.002 

43.6 

1 1 1 .9 

NM/CCI4  : 70/30 

1.258 

5.781 

5.849 

49.0 

109.4 

NM/CCI4  :^/40 

1.294 

5.649 

5.676 

53.1 

107.1 

NM/CCI4  : 50/50 

1.3S0 

5.525 

5.529 

118.8 

106.1 

NM/CCI4  =40/60 

1 .397 

5.277 

5.107 

239.8 

99.4 

NM/CHCI  -4 :95/5 

1.145 

6.234 



119.1 

NM/CHCI  3:90/10 

1.163 

6.102 

6.130 

53.0 

115.1 

NM/CHCI  3:85/15 

1.182 

6.029 

111.5 

NM/CHCI  3:80/20 

1.199 

5.896 

5.924 

68.6 

107.3 

NM/CHCI  3 :70/30 

1.230 

— 

5.702 



103.0 

NM/CHCI  3: 65/35 

1.250 

5.599 

... 

86.0 

NM/CHCI  3:60/40 

1.269 

- 

5.509 

_ 

98.3 

NM/CHCI  3 :50/50 

1.301 

5.302 

5.298 

185.0 

91.4 

NM/NE  :90/l0 

1.117 

6.183 

6.238 

52.5 

116. 

NM/NE  : 80/20 

1.108 

6.118 

6.140 

90.3 

114. 

NM/NE  : 70/30 

1.100 

6.001 

6.046 

86.8 

108. 

NM/Acet.  :95/5 

1.109 

6.107 

6.210 



115.6 

NM/Acet.  :90/10 

1.094 

5.980 

6.091 

59.7 

108.6 

NM/Acet.  : 85/1 5 

1.077 

5.839 

5.965 

146.6 

101.9 

NM/Acet.  : 80/20 

1.060 

- 

5.842 

- 

93.2 

Detonation  velocity  observed:  at  25 


— L 1 I 

0.5  1.0  1.5 


Fig,  3.  Detonation  velocity  of  NM  at  253C,  against 
inverse  charge  diameter. 
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charge  diameter  just  likely  as  in  Fig.  3.  Least  square 
fits  of  these  data  with  a linear  equation 

O = D„  - MU*)  (1) 

was  obtained  for  each  group  of  mixture.  Where  D is 
the  detonation  velocity  in  any  charge  diameter  <p. 
Detonation  velocities  at  an  infinite  diameter  and 
diameter  dependence  coefficients  A,  thus  obtained, 
are  listed  in  the  Table  2. 

CALCULATION  OF  DETONATION  PARAMETERS 

Detonation  parameters  for  these  mixtures  were 
computed  with  Mader’s  code.  We  used  Kihara-Hikita’s 
equation  ( 16)  in  place  of  BKW  equation  of  state  for 
the  detonation  products.  For  nitroincthane,  calcula- 
tion which  uses  K-H  equation  with  the  parameters 
usually  adopted  for  calculation  of  solid  CHNO  explo- 
sives gives  considerably  higher  detonation  velocity 
than  the  observed  one.  The  coefficient  of  repuls<vc 
force  in  K-H  equation  must  be  changed  to  reduce  the 
discrepancy. 

For  calculating  the  detonation  parameters  of  the 
mixtures  containing  chlorine,  it  was  necessary  to 
determine  the  parameters  of  gaseous  chlorine  species 
under  high  pressure.  They  were  determined  so  as  to 
make  the  calculated  detonation  velocity  agree  with 
the  observed  one  for  nitromethane-chloroform  mix- 
ture with  the  dilution  of  50  volume  percent  by  trial 
and  error  method.  In  Table  3,  calculated  detonation 
parameters  and  CJ  composition  of  the  detonation 
products  for  the  mixture  are  shown.  The  parameters 
thus  determined  were  used  to  calculate  the  detona- 
tion parameters  of  all  the  other  chlorine  containing 
mixtures.  In  all  these  calculations,  heat  of  mixing 
were  neglected. 

DISCUSSION 

In  Fig.  4 the  coefficient  A in  an  equation  (1 ) is 
plotted  against  inert  diluent  content  in  volume  per- 
cent. These  coefficients  for  four  groups  increase  with 
the  diluent  content,  and  both  shape  and  the  mutual 
location  of  variation  curves  are  very  similar  to  those  of 
the  critical  diameter  variation  curves  in  Fig.  2.  In  the 
case  of  carbon  tetrachloride,  the  diameter  dependence 
coefficient  A remains  almost  constant  until  the  diluent 
content  reaches  a high  value  just  likely  as  in  the 
critical  diameter. 


TABLE  3 

Detonation  parameters  and  CJ  composition  of  the 
detonation  products,  calculated  for  the  50/50  mixture 
of  NM  and  CHC1 3 (density:  1.301,  heat  of  formation 
at  0°K:  -20281.3  cal/formular  weight) 


CJ  detonation  Pressure 
CJ  Detonation  Velocity 
CJ  Temperature 

CJ  Volume 

Vol.  of  gaseous  product 
Vol.  of  gaseous  product 
Mol  number  of  the  gas 
Solid  C 

91.384  kbar 
5297.964  m/sec 
2604.917  °K 
0.57629  c.c./g 
2.996  c.c./mol 
18.379  c.c./mol 
2.4825  mols/gr 
0.3769  c.c./gr 

CJ-composition  of  the  Detonation  Products 

Species 

No.  of  mol 

Species 

No.  of  mol 

H20 

h2 

o2 

co2 

CO 

H 

NO 

0.43 

0.0603 

0.1  X 10'5 
0.278 

0.204 

0.913  X 10"5 

0.243  X 10"5 
- 

Nt 

OH 

Cla 

CC14 

HC1 

C 

. 

0.298 

0.455  X 10“4 
0.1 34  X 10‘2 
0.129  X 10*  3 
1.211 

0.517 

For  homogeneous  explosives,  such  as  gaseous  or 
liquid  explosives,  chemical  reaction  which  sustains  the 
detonation  is  considered  to  be  activated  by  shock 
heating  (2,17,18).  That  is,  so-called  shock  thermal 
explosion  theory  will  be  applied  in  the  detonation 
propagation.  Figure  5 illustrates  typical  pressure 
profile  of  detonation  wave  based  on  that  reaction 
mechanism.  PN  refers  to  the  pressure  in  the  detona- 
tion front  and  CJ  does  to  CJ-point  where  reaction 
just  completes.  The  distance  between  the  wavefront 
and  the  CJ-point  is  a reaction  zone  length  which  is 
denoted  as  10  in  the  figure.  If  we  denote  the  mean 
particle  velocity  inthe  reaction  zone  as  U.  Reaction 
zone  length  is  expressed  as 

10  = (D-U)r  (2) 

Where  r is  a reaction  time,  and  nearly  equal  to  the 
induction  time  of  the  reaction. 

Following  the  discussion  by  Gordon  (19),  critical 
diameter  4>CI  is  almost  proportional  to  reaction 
zone  length  10,  that  is, 
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Fig.  4.  Diameter  dependence  coefficients  of  detonation  velocity  against  diluent  content. 


Fig.  5.  Pressure  profile  of  the  detonation  wave 
based  on  shock  thermal  explosion  theory 

*«**llo  (3) 

Where  Kj  it  a constant.  The  quantity  (D-U)  in  the  eq. 
(2)  is  thought  to  be  constant  as  compared  to  the 
variations  in  10  or  r.  Then, 

10  ==  K2t  (4) 

Where  K2  “ * constant.  From  the  analysis  by 
Gordon,  the  diameter  dependence  coefficient  A can 
be  related  to  critical  diameter  as 

A = K3*ci  (5) 


Where  K3  is  another  proportionality  constant.  Eqs. 
(3),  (4),  and  (5)  lead  to  the  following  relation, 

tf>craAccl0ocr  (6) 

That  is,  there  is  proportionally  between  these  four 
quantities.  Observed  similarity  between  Fig.  2 and 
Fig.  4 is  a clear  evidence  for  this  relation. 

The  reason  why  the  lighter  liquid  diluent  hinders 
detonation  propagation  more  than  the  denser  one 
will  be  explained  by  the  difference  of  heat  sinking 
ability  between  them.  lighter  liquid  will  be  com- 
pressed more  easily  and  so  sink  more  energy  under 
the  detonation  pressure  than  denser  one. 

Nitroethane  is  able  to  detonate  by  itself  and  is 
usually  thought  to  be  active,  but  it  behaves  as  if  it  is 
an  inert  liquid  for  the  critical  diameter  variation  of 
its  mixture  with  nitromethane.  We  shall  treat  this 
peculiar  feature  later. 

Following  the  relation  (6),  Fig.  2 and  Fig.  4,  reac- 
tion zone  length  1q  and  induction  time  r are  thought 
to  remain  almost  constant  by  the  addition  of  carbon- 
tetrachloride.  This  peculiarity  will  also  be  treated 
later. 
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Observed  detonation  velocity  at  infinite  diameter 
and  calculated  detonation  velocity  DcJ  are 
plotted  against  diluent  content  in  volume  percent  in 
Figs.  6 and  7.  As  clearly  seen  in  the  Figures,  observed 
and  calculated  velocities  vary  almost  linearly  with 
diluent  content.  The  absolute  values  of  the  slopes, 
|dD/dn|,  where  n is  diluent  content,  of  these  curves 
are  30  m/sec/%  for  acetone,  9 m/sec/%  for  nitro- 
ethanc,  18  m/sec/%  for  chloroform,  and  15  m/sec/% 
for  carbontetrachloride. 

In  general,  detonation  velocity  D is  proportional 
to  initial  density  p of  the  explosives  and  square  root 
of  the  heat  of  explosion  Q (20),  that  is 

D«pQ1/2  (7) 

If  we  denote  the  dilution  ratio  in  volume  as  n 
(1  > n > 0),  the  density  and  heat  of  explosion  for  the 
mixture  with  the  dilution  ratio  n will  be  expressed  as 
(p0  and  Q0  refer  to  NM) 


Fig.  6.  Detonation  velocity  at  infinite  diameter 
against  diluent  content  for  the  mixtures  NM  with 
acetone  and  nitroethane. 


Fig.  7.  Detonation  velocity  at  infinite  diameter  against  diluent  content  for  the  mixtures 
NM  with  CHC1  and  CC1. 
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p = p0(l-m1n)  (8) 

Q = Q0(l  -m2n)1/2  (9) 

where  m 1 and  m2  are  constant  parameters  specific  to 
each  diluent.  The  parameter  m j may  change  its  sign 
along  with  the  difference  between  the  density  of 
nitromethane  and  that  of  diluent.  From  eqs.  (7), 

(8),  and  (9),  for  small  n, 


D/D0  = (1  -nijn)(l  ~m2n)1/l2 


= 1'  - (mj  + m2/2)n- ....  (10) 

That  is,  for  small  diluent  content,  detonation  velocity 
varys  linearly  with  diluent  content,  and  its  slope  be- 
comes -(m!  + m2/2). 

dD/dn  = - (mj  + m2/2)  (11) 

For  an  active  additive,  parameter  m2  becomes  small. 
From  eq.  (11),  it  is  natural  that  the  absolute  slope  of 
the  detonation  velocity  is  the  greatest  in  acetone,  and 
becomes  considerably  small  for  nitroethane  which  can 
react  exothermically.  It  will  be  true  that  nitroethane 
reacts  and  contributes  to  accelerate  detonation  in  the 
mixture.  That  is,  nitroethane  behaves  as  an  active  . 
additive  for  the  detonation  velocity  variation,  but  on 
the  contrary  to  this  it  does  as  an  inert  diluent  for  the 
critical  diameter  variation  of  the  mixture. 

Difference  between  the  observed  and  calculated 
velocities  for  the  mixture  containing  carbontetra- 
chloride  is  large  and  cannot  be  neglected  as  experi- 
mental errors.  The  absolute  slope  of  the  observed 
velocity  curve  is  significantly  smaller  than  that  of  the 
calculated.  This  discrepancy  suggests  that  some  heat 
release  occurs  in  the  mixture. 

To  explain  these  experimental  results  in  the  diluent 
effect  on  detonation  propagation  in  nitromethane, 
we  have  adopted  following  assumption,  that  is:  there 
are  three  factors  that  determine  the  effect  of  an 
additive  on  the  detonation  propagation  in  the  mixture. 
They  are:  1.  Whether  the  additive  can  react  exothermi- 
cally or  not?  II.  Whether  the  reaction  (heat  release 
change)  can  be  initiated  by  the  detonation  shock  or 
not?  III.  Whether  induction  time  of  this  heat  release 
change  is  shorte  han  that  of  the  reaction  of  the  main 
explosives  (nitronr  thane  in  this  case)  or  not? 

To  be  able  to  contribute  detonation  propagation, 
the  additive  must  be  active  (I)  under  the  detonation 


pressure  of  the  main  explosives  (II)  and  the  heat 
release  of  the  reaction  must  be  rapid  enough  (III). 

In  the  case  of  nitroethane,  the  requirement  (I)  is 
satisfied  and  requirement  (II)  is  also  satisfied  too,  but 
the  reaction  is  not  so  rapid  comparing  to  the  reaction 
of  nitromethane,  (nitroethane  cannot  transmit  detona- 
tion even  at  30°C  in  4 cm  brass  tube.)  i.e.  require- 
ment (III)  fails.  So  Nitroethane  cannot  contribute  to 
sustain  detonation  in  the  mixture  even  if  it  reacts  in 
the  mixture. 

Peculiar  effect  of  carbontetrachloride  either  on 
detonation  velocity  variation  or  on  critical  diameter 
may  be  explained  if  the  liquid  has  an  exothermic 
change  that  can  occur  under  the  detonation  pressure 
and  the  change  is  rapid  enough  to  be  able  to  contrib- 
ute the  detonation  propagation.  The  heat  release 
of  this  change  seems  not  so  large  as  that  of  the  chemi- 
cal reaction  of  nitromethane,  considering  the  small 
deviation  between  the  observed  and  calculated 
velocity  variations. 

Dick  found  a shock  transition  in  carbontetra- 
chloride occuring  near  164  kbar  of  shock  pressure. 

He  thought  it  as  liquid  polymerization  occuring  under 
the  shock  pressure  from  ca.  70  kbar  to  ca.  1 60  kbar 
(21).  Polymerization  is  usually  an  exothermic  change 
even  if  the  heat  release  is  not  so  large  as  that  of  the 
usual  detonation  reaction.  The  induction  time  of 
this  polymerization  is  sufficiently  short  with  no  doubt 
because  the  change  is  found  as  shock  transition. 

Then,  can  this  polymerization  occur  in  the  mixture 
with  nitromethane?  The  mixture  looks  transparent, 
therefore  the  diluent  disperses  in  the  mixture  into 
micro-phases  with  the  dimension  less  than  the  wave 
length  of  visible  light.  But  the  dimension  will  be  not 
so  small  as  molecular  order  and  it  may  range  from 
100  A to  1000  A in  order,  since  carbontetrachloride 
is  nonpolar.  Then,  it  can  polymerize  in  the  micro- 
phase under  the  shock  transmitted  from  detonating 
nitromethane  phase.  This  transition  satisfies  the  three 
requirement  to  contribute  the  detonation  propaga- 
tion, and  so  is  effective  to  sustain  the  detonation 
up  to  high  content  of  the  diluent. 

Carbondisulfide  and  tintetrachloride  have  similar 
effects  to  those  of  carbontetrachloride  on  the  detona- 
tion propagation  in  the  mixture  with  nitromethane 
(15).  They  do  not  hinder  the  detonation  in  the 
mixture  up  to  a high  diluent  con  tent,  just  like  as 
carbontetrachloride  does  not.  Dick  found  a shock 
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transition  at  the  pressure  near  62  kbar  in  carbondi- 
sulfide  (21).  If  this  is  an  exothermic  change,  effects 
of  the  liquid  may  be  also  explained  with  it.  For 
tintetrachloride,  we  can  assume  the  existence  of  rapid 
exothermic  transition  near  the  detonation  pressure 
in  nitromethane  to  explain  its  effects. 

A shock  transition  has  been  found  by  Dick  for 
chloroform,  which  occurs  between  260  kbar  and  310 
kbar.  (private  communication)  This  transition  is  suf- 
ficiently rapid  but  the  pressure  at  which  it  occurs  is 
much  higher  than  that  of  detonation  in  nitromethane. 
That  is,  pressure  requirement  (II)  fails.  Therefore, 
chloroform  behaves  as  an  utterly  inert  diluent  in 
nitromethane. 

Forshey  et  al.  reported  that  hydrazine  was  very 
active  in  the  mixture  with  nitromethane  (22).  They 
concluded  that  the  activity  owes  to  the  formation  of 
so-called  aci-form  of  the  nitromethane  by  the  addi- 
ton  of  hydrazine.  We  may  also  consider  that  this 
active  effect  of  hydrazine  owes  to  its  inherent  char- 
acteristics under  shock  load,  that  is,  hydrazine  satis- 
fies our  three  requirements  and  the  heat  release  is 
very  high  compared  to  that  of  carbontetrachloride. 
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DISCUSSION 

A.  W.  CAMPBELL,  C.  L.  MADER,  J.  B.  RAMSAY, 

L.  C.  SMITH 

Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 

We  must  admit  to  viewing  with  skepticism  the  re- 
port presented  in  this  paper  that  solutions  of  nitro- 
methane  in  CCL4  detonate.  We  have  fired  two  shots 
which  confirm  the  result  for  50/50  vol  % solutions. 

A detonation  velocity  of  5.2  ± 0.1  mm//as  was  ob- 
tained for  a solution  confined  in  a 12-mm  diameter, 
12-mm  wall  thickness  brass  tube  over  a length  of 
800-mm.  A standard  plate  dent  test  with  a diameter 
of  42-mm  gave  an  estimated  pressure  of  92  kbar  com- 
pared to  134  kbar  for  nitromethane.  A RKW  calcula- 
tion gave  a detonation  velocity  of  5.08-  <m/p s and  a 
pressure  of  106  kbar. 


Kusakabe  and  Fujiwara  suggest  that  an  exothermic 
polymerization  reaction  of  CC14  may  contribute 
energy  to  the  detonation  front.  Product  yields  pre- 
sented in  their  Table  3 for  HCC1 3/Nitromethane 
(50/50  Vol.  %)  show  that  HC1  is  a major  component 
in  the  products.  The  formation  of  HC1  is  exothermic 
and  also  competes  for  hydrogen  in  the  H,  C,  O equi- 
libria tending  to  improve  the  oxygen  blance.  This 
reaction  may  explain  why  the  solutions  can  detonate 
with  large  fractions  of  chlorinated  material. 


AUTHORS’  REPLY 

“Detonation  velocities  observed”  presented  in 
table  2 arc  ideal  ones  at  25°C  which  are  obtained 
from  the  linear  relationship  between  observed  velocity 
and  inverse  diameter.  The  detonation  velocity  of 
50/50  vol  ratio  NM-CC14  mixture  at  25°C  in  a brass 
tube  of  inner  diameter  12  mm  can  be  calculated  to 
give  the  value  of  5.42  km/scc  by  the  use  of  ideal 
velocity  in  the  table,  and  the  value  is  0.2  ± 0.1  km/ 
sec  higher  than  the  value  observed  by  Campbell  et  al. 

We  think  the  discrepency  may  be  due  to  impurity 
in  both  mixtures  and/or  due  to  the  difference  in 
mixing  ratio,  As  shown  in  this  report,  impurity  such 
as  acetone  will  reduce  the  detonation  velocity  about 
0.03  km/sec  with  1 vol.  % content,  and  1 vol.  % 
difference  in  mixing  ratio  will  result  in  the  difference 
of  about  0.015  km/sec  in  the  detonation  velocity. 

Campbell  et  al  suggest  the  contribution  of  HC1 
formation  to  the  detonation  propagation  in  NM-CC14 
mixture.  If  the  reaction  rate  of  HC1  formation  is 
rapid  enough  to  satisfy  our  requirements  given  in  this 
paper,  the  formation  of  HC1  will  be  able  to  play  a role 
of  importance  in  the  detonation  propagation. 
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SHOCK-INDUCED  ELECTRICAL  POLARIZATION  OF  HOMOGENEOUS  EXPLOSIVES 


A.  N.  Dremin,  A.  G.  Antipenko  and  V.  V.  Yakushev 
Institute  of  Chemical  Physics  Academy  of 
Sciences  USSR,  Chemogolovka,  Moscow 
Region,  142432,  USSR 


Results  of  electric  signals  investigations  ai  shock  compression  and  homogeneous  ex- 
plosives detonation  are  presented.  If  shock  pressure  is  insufficient  to  initiate 
detonation,  explosive  polarization  does  not  differ  from  that  of  inert  dielectrics. 

The  polarization  signal  shape  at  explosive  detonation  is  related  to  the  effect  of  high 
electroconductivity  occuring  with  some  time  delay  behind  the  detonation  wave 
shock  front,  it  is  shown  that  in  some  cases  the  time  delay  magnitude  can  be  de- 
termined from  the  polarization  experimental  data.  For  example,  the  electro- 
conductivity originates  behind  the  shock  front  of  NB  powder  detonation  wave  in 
6.7  • 10' 10  sec.  At  nitromethane  detonation  the  depetidence  of  the  electrical  sig- 
nals amplitude  on  the  nature  of  the  metals  of  electrodes  has  been  pointed  out.  The 
dependence  testifies  that  the  factor  arising  at  the  electrode-sample  interface  is  of 
certain  significance.  More  complex  shape  of  the  polarization  signals  at  the  shock 
detonation  initiation  is  due  to  manystage  nature  of  detonation  developing  process. 
In  this  case  the  polarization  signals  pecularities  are  caused  by  changes  both  of  the 
polarization  probe  capacity  and  the  explosives  polarization  in  volume. 


Shock-induced  electrical  polarization  is  defined  as 
a dipol  moment  origin  in  a dielectric  sample  volume 
due  to  velocity  and  thermodynamical  values  gradients 
in  shock  front. 

Since  Eichelberger’s  and  Hauver’s  paper  (1)  the  ex- 
perimental arrangement  (Fig.  1 ) has  been  usually  used 
for  study  of  this  phenomenon.  The  polarization  sig- 
nal is  registered  when  the  shock  wave  front  moves 
through  the  sample  2 from  the  electrode  1 to  the 
electrode  3.  The  signal  contains  both  some  informa- 
tion on  shock  transition  processes  and  that  on  the 
compressed  substance  state. 

In  1967  Hayes  (2)  discovered  that  at  the  deto- 
nation of  explosives  between  the  electrodes  electric 
signals  originated  in  the  load  of  circuit  like  in  the  case 
of  inert  dielectrics.  Hayes  used  the  similar  experi- 
mental arrangement  (Fig.  1)  which  had  the  second 


electrode  of  spherical  form.  The  signal  magnitude  in- 
creased from  some  hundredth  of  volt  up  to  order  of 
one  volt  when  the  detonation  wave  was  moving  to  the 
second  electrode.  The  signal  magnitude  practically 
did  not  change  during  the  process  of  the  detonation 
products  flow-around  of  the  electrode.  Hayes  called 
the  phenomenon  “the  detonation  electric  effect”  and 
noted  that  it  could  be  used  for  study  both  the  sta- 
tionary detonation  and  the  transitional  processes  of 
explosive  initiation. 

The  electric  signals  during  the  shock  initiation  of 
detonation  in  liquid  explosives  were  experimentally 
investigated  earlier  by  Travis  (3).  He  suggested  that 
the  polarization  probe  should  be  used  to  reveal  the 
space — time  relation  of  the  process  parameters.  The 
papers  by  Hayes  and  Travis  stimulated  the  study  of 
the  electric  effects  under  detonation  and  shock  com- 
pression of  explosives  in  our  laboratory. 
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Fig.  1.  Experimental  arrangement.  l~  the  grounded 
electrode,  2 -the  substance  under  investigation; 

3 the  second  electrode. 


This  paper  is  devoted  to  homogeneous  explosives 
investigation.  The  experimental  arrangement  shown 
in  Fig.  1 was  used  in  the  investigation  too.  The  elec- 
trode 1 (8  mm  thick,  80  mm  diameter)  and  the  elec- 
trode 3 (15  mm  diameter)  were  maue  of  aluminium 
AD-1  type.  In  some  experiments  the  layer  of  0.05 
mm  thick  copper  foil  was  cemented  onto  the  elec- 
trode 1 surface.  In  these  experiments  the  electrode  3 
was  made  of  copper.  The  distance  hetwecn  the  elec- 
trodes x0,  was  2.5-3  mm.  The  electrode  1 surface 
faced  to  the  explosive  was  polished.  The  oscillograph 
OK-33  type  with  the  inlet  resistance  of  75 ST  and  the 
time  response  of  20  nsec  was  used  for  the  electric  sig- 
nals registration.  In  some  experiments  to  measure  the 
polarization  emf  the  resistance  of  50-70  kfZ  was  ap- 
plied to  connect  the  polarization  probe  and  the  cable. 

The  explosive  charges  of  80  mm  diameter  and  1 20 
mm  height  were  used  to  obtain  approximately  one- 
dimensional shock  loading  of  the  samples.  To  cal- 
culate the  dynamical  pressure  values  in  the  explosives 
their  adiabats  (nitromethanc  (4),  nitroglycerine  (5), 
NB  powder  (6))  and  the  state  of  the  electrode  1 ma- 
terial were  employed. 

Nitromethane  of  trade-mark  “pure"  was  refined  in 
vacuum  just  before  the  experiment;  to  separate  nitro- 
glycerine from  methanol  some  volume  of  water  was 
added  to  their  mixture.  The  obtained  nitroglycerine 
was  dried. 


SHOCK  COMPRESSION  OF  THE  EXPLOSIVES 

If  the  dynamic  pressure  is  lower  than  that  of  the 
detonation  origin  the  shock-induced  polarization  of 
the  explosives  doesn’t  vary  from  that  of  inert  polar 
, dielectrics.  Nitromethane  and  nitroglycerine  at  the 

pressures  up  to  those  of  the  detonation  origin  remain 

i 
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still  perfect  dielectrics  during  the  registration  time  ~1 
mksec.  It  has  been  observed  in  the  experiments  de- 
signed for  this  purpose. 

Therefore,  the  polarization  current  dependence  on 
time  i(t)  is  determined  by  the  following  parameters: 
the  polarization  relaxation  time  t;  the  time  constant 
of  the  circuit  ReCc;  the  transit  time  of  the  shock 
through  the  sample  tj ; the  time  difference  t2  of  the 
shock  front  entering  in  the  sample  due  to  the  front 
convex  and  the  value 

* = -rr- 

ei  U - u 

C]  and  62  are  dielectrics  permittivities  of  the  initial 
and  compressed  substance,  U-the  shock  velocity, 
u-the  particle  velocity.  At  the  pressure  region  from 
8 kbar  to  87  kbar  the  relaxation  time  of  the  nitro- 
methane polarization  is  t < 3 • 10'1 1 sec,  X » 1 (7). 
Tire  I2  value  was  5 • 10"8  -?■  1 .5  • 10’7  sec  and  R<;C0 
= 3.7  • 10"9  sec.  Since  the  relaxation  time  r is  much 
less  than  the  time  constant  of  the  circuit  RcC0  the 
probe  circuit  can  not  be  considered  as  a short  circuit. 
It  has  been  shown  (8)  that  at  X = 1 . 


O < t < t2 


t-ta 

RcC() 


t2  <t<t| 

(1) 


where 


E 


o = 


Pqt(U  - u) 
e0e2 


(2) 


is  an  effective  emf.  P0  is  the  initial  polarization  at 
the  shock  front;  e0  is  the  permittivity  of  free  space. 

The  experimental  points  and  the  calculated  from 
Eq.  1 (solid  line)  polarization  signals  from  nitro- 
methane at  the  pressure  p = 68  kbar  are  presented  in 
Fig.  2.  In  this  case  the  effective  emf  was  equal  to  ~2 
volts.  From  the  relation  (2)  it  follows  that  P0  at  1 .2  • 
10'2  K/m2.  The  shock  front  orientation  ~6%of 
nitromethane  molecules  corresponds  to  the  very  value 
of  the  initial  polarizaton,  the  latter  exceeding  the 
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initial  polarizaton  of  plastics  (9)  by  two  orders  of 
value  at  the  same  pressure. 


I 


f i 


The  information  on  the  shock-induced  polariza- 
tion and  electric  properties  of  nitroglycerine  behind 
the  shock  front  has  been  published  in  our  earlier 
paper  (10).  It  has  been  shown  that  t is  less  than  8 
nsec  and  3f  is  approximately  equal  to  the  unit  at  pres- 
sures 14  -f  122  kbar.  Accordingly,  the  polarization 
current  oscillograms  for  nitroglycerine  arc  fairly  simi- 
lar to  those  of  nitrometlumc.  The  dependence  of  the 
initial  polarization  I*,,  on  pressure  p is  a steady  in- 
creasing function. 

The  experimental  arrangement  described  in  (11) 
has  been  employed  in  the  study  of  NB  powder  shock 
polarization.  It  has  allowed  us  to  obtain  both  the 
polarization  and  the  relaxation  signals.  Fig.  3 shows  a 
characteristic  oscillogram  at  the  pressure  44  kbar. 

Unlike  liquid  explosives  the  dependence  i(t)  for 
NB  powder  is  similar  to  that  of  plastics  (1,9).  In  this 


b'ig.  2.  Nitromethanc  polarization  signal.  Solid  line 
presents  data  calculated  with  Eq.  1.  Points  are  ex- 
perimental data  at  p = 68  kbar. 


case  the  relaxation  signal  examination  reveals  the 
presence  ot  two  polarization  mechanisms.  The  re- 
laxation times  of  the  mechanisms  differ  from  each 
other  by  approximately  one  order  of  value,  c.g.,  t i 
being  0.2  mkscc,  and  72  being  1 .5  mksce  at  44  kbar. 
The  parameters  appear  to  correspond  to  the  polariza- 
tion of  nitroglycerine  and  nitrocellulose,  both  being 
key  components  of  NB  powder.  The  Fig.  4 shows  the 
pressure  dependence  of  the  initial  density  of  the  po- 
larization current  j„  per  unit  the  dielectric  thickness. 
The  dashed  line  is  the  extrapolation  of  the  de- 
pendence in  the  shock  pressure  region  up  to  370 
kbar,  the  latter  corresponding  to  the  pressure  behind 
the  shock  front  of  NB  powder  stationary  detonation. 
To  calculate  this  pressure  the  shock  adiabat  (6)  and 
the  detonation  velocity  (12)  have  been  used, 


DETONATION 

We  shall  consider  the  electric  signals  at  the  shock 
initiation  of  detonation  with  undetectable  time  delay. 

It  is  known  (13, 14)  that  condensed  explosive  deto- 
nation products  exhibit  a high  electroconductivity, 
the  latter  being  caused  by  electrolytic  dissociation  of 
water  and  other  components  of  the  products  (IS,  16). 
As  a result  of  a finite  rate  of  explosive  decomposi- 
tion, one  cun  assume  that  the  elcctroconductivity 
behind  the  shock  front  of  the  detonation  wave  arises 
with  some  time  delay  tj  (8).  The  time  t3  must  co- 
incide approximately  with  the  explosive  decomposi- 
tion induction  time. 

if  the  polarization  relaxation  time  is  much  more 
than  the  elcctroconductivity  time  delay  (r  > t3),  the 
magnitude  of  13  can  be  determined  from  the  shock 


A 
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Fig.  3.  The  polarization  and  relaxation  signals  oscillo- 
gram of  NB  powder,  p * 44  kbar.  Time  and  voltage 
scales:  0,6  mksec/dlv;  1.2  V/div. 
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Fig.  4.  The  initial  polarization  current  density  de- 
pendence on  pressure  for  NB  powder, 


polarization  data.  In  accordance  with  Allison’s 
theory  for  the  open  circuit,  the  polarization  emf  is 

E = E0(l-e-*/')  (3) 

If  we  expand  the  exponent  when  t is  equal  to  t3,  and 
deal  only  with  first  two  temrs  of  the  expansion  and 
take  into  account  the  formula  (2)  for  E0  we  shall  ob- 
tain: 


P0t3(U-u) 

€0C2 


(4) 


The  polarization  current  density  per  unit  of  the  die- 
lectric thickness  (17)  is  equal  to: 


P0ei  (U  - u) 
J°  = €2 

From  (4)  and  (5)  we  shall  have: 


(5) 


(6) 


For  NB  powder  normal  detonation  the  value  of  t3  is 
approximately  equal  to  6.7  • 10'10  sec.  To  calculate 
t3  the  values  of  the  polarization  emf  (E  - 28.5  volt) 
and  the  dielectric  permittivity  (e  | =9.1)  experi- 
mentally measured  have  been  used;  however,  the  po- 
larization current  density  j0  have  been  obtained  by 
the  extrapolation  as  shown  in  Fig.  4. 


We  shall  consider  the  electric  effects  at  nitro- 
methane  detonation  in  detail.  It  has  been  shown  by 
Hayes  (18)  that  nitromethane  specific  electric  resis- 
tivity p2  behind  the  shock  front  of  the  detonation 
wave  decreases  sharply  in  some  nsec  and  reaches  mini- 
mum magnitude  approximately  6.2  • 10'3  Hm. 
Therefore  in  the  experiments  the  following  condi- 
tions: 


P2eoe2  < t]  and  r < t3 


are  satisfied. 

The  first  condition  implies  that  at  any  moment  the 
electric  field  in  conducting  zone  is  about  zero,  and, 
therefore,  the  surface  of  the  elcctroconductivity 
origin  can  be  regarded  as  a moving  condenser  plate. 
The  second  condition  implies  that  the  polarization  re- 


laxation is  over  before  the  electroconductivity  origin, 
and  hence  the  polarization  emf  is  independent  of 
time;  the  formula  (2)  relating  to  the  polarization  emf 
and  the  initial  polarization.  To  put  it  another  way, 
the  polarization  signal  shape  is  determined  by  a con- 
denser complex  resistance  change  at  the  shock  com- 
pression process.  When  the  electroconductivity  arises 
with  a time  delay  the  mentioned  above  conditions 
permit  to  apply  the  polarization  probe  current  ex- 
pression from  the  publication  (8)  for  the  interpreta- 
tion of  nitromethane  detonation  electric  signals.  The 
curve  calculated  and  experimental  points  are  shown 
in  Fig.  5.  The  initial  current  impulse  amplitude  and 
time  duration  were  employed  to  evaluate  the  emf 
value  (19).  The  value  accounted  for  2.5  volt.  It 
should  be  noted,  however,  that  the  contact  potential 
(20)  and  electrochemical  processes  (21)  could  con- 
tribute to  the  emf  value.  If  the  electrodes  are  made 
of  the  similar  metals,  the  contact  potential  presumably 
can  be  neglected.  The  electrode  metal  ions  transition 
into  the  detonation  products,  on  the  one  hand,  and 
selected  adsorption  of  the  product  ions  by  the  elec- 
trode, on  the  other,  are  probably  responsible  for  the 
electrochemical  potential  origin.  The  potential  value 
must  depend  on  the  olectrodo  metal  nature.  Hayes 
(2,20)  when  studying  the  detonation  electric  effect 
has  observed  the  dependence  of  the  registered  signals 
value  on  the  metal  nature  of  both  electrodes.  It  has 
been  found  in  (19)  that  at  nitromethane  detonation 
in  the  arrangement  shown  in  Fig.  1 the  final  current 
and  the  accumulated  charge  (for  the  time  interval 
from  t2  to  tj)  are  larger  for  aluminum  electrode  than 
those  of  for  copper  one.  This  finding  is  readily  ac- 
counted for  by  the  data  published  in  (21).  It  has 
been  shown  in  (2 1 ) that  unlike  cooper  ions,  alumi- 
num ions  transit  easily  into  the  detonation  products, 
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Fig,  5.  Nitromethane  detonation  polarization  signal, 
Solid  line  Is  the  calculated  data  from  (8);  the  points 
are  experimental  data  at  p = 157  kbar. 
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the  latter  obtaining  a positive  charge  with  reference 
to  metal. 

SHOCK  INITIATION  OF  DETONATION 

It  is  known  (3,22)  that  at  the  shock  initiation  of 
detonation  with  some  time  delay  the  electric  signals 
have  more  complex  shape  than  those  of  during  the 
normal  detonation  or  during  the  shock  explosive 
compression. 

Fig.  6a  presents  the  electric  signal  oscillogram  at 
the  shock  initiation  of  nitroglycerine  detonation. 

The  signal  shape  docs  differ  from  that  of  the  normal 
detonation  (Fig.  5).  The  first  impulse  occurs  at  the 
moment  of  the  shock  entrance  into  the  sample.  The 
arrow  denotes  some  small  additional  positive  im- 
pulse, It  is  followed  by  the  negative  impulse, 

To  realize  the  nature  of  these  constituents,  we 
shall  analyze  the  space-time  diagram  of  the  one- 
dimcntional  scheme  of  the  shock  initiation  of  deto- 
nation in  a homogeneous  explosive  (23).  OA  line  cor- 
responds to  the  shock  wave  motion  through  the 
sample.  The  polarization  layer  width  in  time  is  equal 
to  r and  is  shown  shading.  At  the  metal-explosive  in- 
terface (OB  line)  the  chemical  explosive  decomposi- 
tion occurs  in  some  time  delay  t4.  It  results  in  origin 
of  supcrvelocity  detonation  in  shock  compressed  ex- 
plosive (CD  line).  The  supcrvelocity  detonation  re- 
action products  have  a high  electroconductivity. 
Therefore,  this  detonation  front  can  be  considered  as 
a moving  plate  of  the  polarization  probe.  The  deto- 
nation wave  motion  is  responsible  for  a sharp  increas- 
ing of  the  condenser  capacity  and,  hence,  for  the 
origin  of  positive  current  impulse.  When  the  super- 
velocity wave  approaches  the  shock  wave  front  at  the 
distance  of  ~t(U  - u),  the  polarization  emf  will  start 
to  decrease  because  of  the  electric  relaxation.  At  the 
time  ts  the  supervelocity  wave  overtakes  the  initiat- 
ing shock  wave  front  and  as  a result  the  oveicom- 
pression  detonation  wave  arises.  For  simplicity,  we 
shall  take  the  overcompresscd  detonation  wave  to 
transform  into  the  normal  detonation  at  the  very 
time  t5 . As  it  has  been  mentioned  above,  the  electro- 
conductivity arises  behind  the  shock  front  of  the 
detonation  wave  in  time  delay  t3.  The  polarization 
signal  ceases  at  the  t|  -time  of  reaching  the  second 
electrode  by  the  detonation  front. 

The  reaction  does  not  arise  simultaneously  all  over 
the  electrode  surface  at  the  real  experiment  condi- 


tions. Therefore,  the  polarization  emf  and  the  capac- 
ity of  the  probe  per  unit  of  the  surface  depend  on  the 
radius  r.  If  the  force  lines  bending  is  neglected,  the 
expression  for  the  current  in  the  circuit  of  external 
load  will  be  the  following: 


Fig.  6.  The  data  on  shock  initiation  of  detonation  in 
nitroglycerine. 

a)  an  experimental  oscillogram  at  p~  167  kbar. 
Time  and  voltage  scales:  0.25  mksec/div;  0.4 
V/div. 

b)  space-time  diagram  of  the  initiation  process. 

c)  the  calculated  dependence  of  i/i( t2)  on  t at  the 
following  magnitudes  of  the  parameters:  K = 1; 
r/ti  = 0.01;  t2/tl  = 0.1;  tj/t;  = 0.002;  tj/t;  = 

0.3;  ts/tj  = 0.5;  //y  =0.67. 
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The  integration  is  performed  all  over  the  probe  sur- 
face S.  To  calculate  the  polarization  current  from  (7) 
the  reaction  surface  shape  should  be  prescribed.  We 
took  it  as  a paraboloid  of  rotation. 

Fig.  6c  shows  the  calculated  signal  obtained  under 
the  same  conditions  as  the  oscillogram  shown  in  Fig. 
6a.  The  time  parameters  in  the  calculation  have  been 
used  from  the  oscillogram  (Fig.  6a).  The  calculated 
signal  displays  all  features  of  the  experimental  oscillo- 
gram. The  first  positive  impulse  of  the  signal  cor- 
responds to  the  ordinary  shock  polarization  of  the 
initial  explosives.  Diversification  t2  of  the  shock 
wave  front  entrance  into  the  sample  determines  the 
time  duration  of  the  impulse.  The  reaction  occurs  at 
time  t4 . As  in  this  very  case,  the  relaxation  time  t is 
much  less  than  the  time  of  the  reaction  beginning  t4, 
the  reaction  spreads  onto  the  substance  that  has  al- 
ready relaxed  and  due  to  the  capacity  change  the 
positive  current  flows  through  the  external  circuit. 

As  the  supcrvclocity  detonation  approaches  the  initi- 
ating shock  wave  front  it  enters  the  polarized  sub- 
stance layer  and  the  electric  relaxation  effect  becomes 
prevailing  the  capacity  change  effect,  the  former  caus- 
ing the  negative  current.  In  the  one-dimensional  case, 
the  negative  impulse  of  the  signal  would  disappear  at 
the  moment  of  the  normal  detonation  origin  ts. 
However,  due  to  the  supervelocity  detonation  wave 
front  curvature  the  normal  detonation  building-up 
occurs  all  over  the  probe  surface  for  some  time  inter- 
val. The  negative  impulse  time  duration  is  deter- 
mined by  the  time  interval  denoted  as  t6  - tj  in  Fig. 
6c.  The  impulse  shape  depends  on  the  shape  of  the 
reaction  surface.  Then  the  positive  current  increases 
because  of  the  capacity  ef  fect  as  in  the  case  of  the 
normal  detonation  till  the  signal  end  time  t j . 

Figure  7 illustrates  the  experimental  oscillogram, 
the  space-time  diagram  and  the  polarization  signal  cal- 
culated for  NB  powder.  It  is  the  larger  time  of  relaxa- 
tion when  r > t4  in  this  case  that  differs  from  the 
case  described  above.  It  implies  that  the  chemical  re- 
action occurs  inside  the  polarized  substance.  The 
electric  relaxation  of  the  polarization  occurs  and  at 
the  moment  of  the  chemical  reaction  origin  as  a con- 
sequence of  it  the  negative  cuircnt  appears.  Further 
progress  of  the  electric  signal  occurs  similar  to  nitro- 
glycerine case. 

In  nitromethane  case  (Fig.  8)  the  relaxation  time  is 
very  small.  In  the  experiments  the  relaxation  time  r 
is  much  less  than  the  chemical  reaction  induction 


time  t4  and  time  delay  t3  of  the  electroconductivity 
origin  behind  the  shock  front  of  the  detonation 
wave.  It  means  that  there  is  no  electric  relaxation  ef- 
fect and  the  polarization  mechanical  relaxation 
process  occurs  in  the  dielectric  medium.  Hence,  the 


Fig.  7.  The  data  on  shock  initiation  oj  NB  powder 

detonation. 

a)  an  experimental  oscillogram  at  p - 165  kbar. 

Time  and  voltage  scales:  0.25  mksec/div;  1.32 
V/div. 

b)  space- time  diagram  of  the  initiation  process. 

c)  the  calculated  dependence  i/i(  12)  on  t at  the  fol- 
lowing magnitudes  of  the  parameters:  X = l;  r/// 
» /.  t2/t 1 = 0. 1;  ts/ti  = 0.002;  t4/ti  = 0.25;  t5/t, 
= 0.4;t6/ti  =0.56. 
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supcrvelocity  detonation  motion  causes  only  the  posi- 
tive current  due  to  the  capacity  change  effect. 

So,  all  features  of  the  polarization  signals  regis- 
tered at  the  shock  initiation  of  homogeneous 
explosives  can  be  interpreted  by  the  competition  of 
the  two  effects,  i.c.,  the  capacity  change  and  the  elec- 
tric relaxation;  the  signals  features  being  determined 
by  the  relation  of  the  times:  t3 , t4  and  r. 


Fig,  8.  The  data  on  shock  initiation  of  nitromethane 
detonation, 

a)  an  experimental  oscillogram  at  p - 105  kbar. 

Time  and  voltage  scales:  0.25  mksec;  0.2  V/div. 

b)  space-time  diagram  of  the  initiation  process. 

cj  the  calculated  dependence  i/i(t2 ) on  t at  the  fol- 
lowing magnitudes  of  the  parameters:  3f  = I;  r/tj 
• 10;  t2/t,  = 0.1;  tj/ti  ® 0.002;  t4jti  = 0.23; 
t s/tI  = 0,31;  t6/t,  =0.38. 


It  should  be  noted  that  in  the  overcompressed  det- 
onation wave  time  delay  t$  of  the  electroconductivity 
origin  can  be  much  less  than  t3  in  the  normal  deto- 
nation. If  in  nitromethane  case,  t$  is  of  the  same 
order  of  value  as  that  of  r the  polarization  signal  will 
be  negative  at  time  ts . The  signals  observed  can  be 
partially  determined  by  the  compressed  substance 
polarization  in  the  supervelocity  detonation  front  and 
by  the  appearance  of  the  electrochemical  cmf  at  the 
moment  of  the  electroconductivity  origin.  In  our 
experiments  factors  did  not  display  qualitatively.  It 
could  be  due  to  the  marked  non-onedimention  both 
of  the  initiating  shock  wave  and  particularly  of  the 
occurring  chemical  reaction  surface.  However,  the 
factors  could  be  of  significance  in  the  experiments  by 
Travis  (3)  and  it  is,  presumably,  the  cause  of  some 
difference  of  polarization  signals  shapes  in  our  experi- 
ments and  those  of  the  work  (3). 

CONCLUSION 

As  a result  of  this  study  one  can  make  a con- 
clusion that  in  all  investigated  cases  the  electric 
signals  were  caused  by  the  polarization  of  substance 
in  volume.  Given  the  clectroconducting  detonation 
products,  electrochemical  processes  at  the  metal  elec- 
trode-detonation products  interface  make  some  cer- 
tain contribution  to  signals. 
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SOME  APPLICATIONS  OF  THE  ELECTRICAL  JUNCTION  EFFECT 
IN  EXPERIMENTAL  SHOCK  STUDIES* 

Behavior  of  Al-Cu  composite  materials  under  shock  loading. 

Detection  of  a phase  transition  in  bismuth  and  Hugoniot  elastic  limits  in  Al-Cu  alloys. 


J.  P.  Romain  and  J.  Jacquesson 
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The  electrical  effect  produced  by  the  passage  of  a shock  wave  through  a bimetallic 
junction  gives  the  basis  of  an  experimental  method  used  for  vizualising  the  shock 
front  propagation  in  lamellar  Al-Cu  composites.  These  materials  are  found  to  be- 
have under  shock  loading  like  homogeneous  materials,  explanation  for  the  shock 
front  steadiness  is  given  by  an  analysis  of  the  stress-time  history  resulting  from  mul- 
tiple reverberations  at  Al-Cu  interfaces.  The  same  experimental  method  is  applied 
for  the  detection  of  double-wave  shock  configurations  resulting  from  an  Hugoniot 
elastic  limit  in  an  Al-Cu  alloy  and  from  a phase  change  in  bismuth  at  70  kbar.  The 
slope  of  the  phase  line  in  the  pressure  temperature  plane  is  derived  from  the  meas- 
urements. Comparison  with  static  data  indicates  that  this  dynamic  phase  transfor- 
mation corresponds  to  the  Bi  I-Bi  V transition. 


INTRODUCTION 

The  electrical  effect  produced  by  the  passage  of  a 
shock  wave  through  a bimetallic  junction,  first  re- 
ported by  Jacquesson  (1)  in  1959,  has  been  experi- 
mentally and  theoretically  studied  by  several  investi- 
gators mainly  in  France  (2)  and  in  U.S.S.R.  (3,4,5). 
The  basic  features  of  this  effect  have  been  described 
in  previous  papers  (2)  and  the  most  comprehensive 
theoretical  interpretation  has  been  given  by  Migault 
(6). 

Some  attempts  were  made  in  the  past  in  order  to 
study  the  shock  behavior  of  dense  materials  with  the 
use  of  experimental  methods  based  on  this  effect. 
Results  obtained  on  germanium  and  bismuth  were 
presented  at  the  5 th  symposium  on  detonation  in 
1970  (7).  This  work  was  later  on  extended  and  new 
results  were  obtained  showing  the  availability  of  the 

‘Part  of  this  work  was  performed  under  the  auspice*  of  the 
Commissariat  i PEnergie  Atomique. 


method  for  investigating  materials  under  shock  load- 
ing. This  paper  presents  a review  of  some  applica- 
tions recently  developed  in  our  laboratory  about  the 
behavior  of  lamellar  Al-Cu  composites  under  shock 
and  the  detection  of  shock  front  instabilities  resulting 
from  an  Hugoniot  elastic  limit  of  an  Al-Cu  alloy  and 
from  a phase  transformation  in  bismuth. 

I-SHOCK  BEHAVIOR  OF  LAMELLAR 

COMPOSITE  MATERIALS 

(I)  Studied  Materials 

The  studied  materials  were  Al-Cu  composites  con- 
stituted by  alternate  layers  of  aluminum  and  copper, 
a few  tens  microns  in  thickness,  piled  up  and  pressed 
together,  constituting  samples  of  total  thickness  be- 
tween 1 .7  mm  and  3.5  mm.  Two  composites  charac- 
terized by  their  average  composition  were  studied: 
composite  E (33%  Cu,  67%  Al)  and  composite  I (45% 
Cu,  55%  Al)  in  weight  composition.  Composite  I was 
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TABLE  l 


Al-Cu  Samples:  Composition  and  Structure 


Sample  type 

E 

II 

h 

*3 

Weight  composition 

33%  Cu,  67%  A1 

45%  Cu,  55%  A1 

Density  (g/cm3) 

3.51 

3.93 

Cu  lamellas  thickness  (mm) 

0.03 

0.03 

0.05 

0.05 

A1  lamellas  thickness  (mm) 

0.20 

0.12 

0.20 

0.20 

Total  number  of  Al-Cu  pairs 

8 

14 

7 

14 

Sample  total  thickness  (mm) 

1.84 

2.10 

1.75 

3.50 

shock  generator 
$ 40  mm 


driver  plate 
9 80  mm 


sample^  / 
t>  20mm  / 

mylar  by'  J 

electrode  Cu 
<t  6 mm 


oscilloscope 

Iso* 


— fvv> 


Fig.  1.  Schematic  of  an  experimental  arrangement 
for  shock  behavior  investigation  of  lamellar  Al-Cu 
composites. 

elaborated  in  three  forms  I j , I2  and  I3  differentiated 
by  the  thickness  and  total  number  of  the  lamellas 
constituting  the  samples.  The  composition  and  struc- 
ture of  the  investigated  samples  are  listed  in  Table  1 . 

(2)  Experimental  Method 

The  samples  were  submitted  to  plane  shock  waves 
of  known  amplitude  propagating  in  a direction  per- 
pendicular to  the  plane  of  the  layers.  Figure  1 shows 
the  schematic  of  an  experimental  arrangement.  Shock 
waves  were  generated  by  explosive  charges  put  on  a 
metallic  driver  plate  transmitting  the  incident  shock 
into  the  sample  pressed  on  the  opposite  face.  Various 
initial  pressures  were  obtained  by  changing  the  nature 
of  the  explosive  and  the  nature  of  the  driver  plate 
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Fig.  2.  Typical  records  of  the  shock  wave  propaga- 
tion in  lamellar  Al-Cu  samples. 

Sample  type:  E(l);  Ij  (2);  12  (3);  I3  (4).  Loading 
stress  in  the  aluminium  driver  plate:  97  kbar  (1); 
107  kbar  (2);  145  kbar  (3);  1 07  kbar  (4). 

V:  100  mV  (1,2):  50  mV  (3, 4) 

H:  0,1  ps  (1,2, 3, 4) 

The  arrows  show  the  instants  of  entrance  and  emer 
gence  of  the  shock  wave  into  and  from  the  sample. 


(aluminium  or  copper)  or  its  thickness.  The  pressure 
of  the  incident  wave  in  the  driver  plate,  just  before 
entering  the  sample,  was  previously  determined  by 
experimental  calibration  and  the  Hugoniot  curves  for 
aluminium  and  copper  were  used  as  reference  for  the 
determination  of  the  transmitted  shock  amplitude  in 
the  sample.  A vizualisation  of  the  shock  propagation 
through  the  sample  was  obtained  from  the  electrical 
signals  generated  by  the  passage  of  the  shock  front  at 
the  successive  Al-Cu  interfaces.  A thin  mylar  sheet 
(6  microns)  was  introduced  between  the  sample  and 
the  back  up  electrode.  The  dielectric  polarization  of 
mylar  under  shock  produces  an  electrical  signal  of 
the  order  of  100  mV  amplitude  and  a few  nanosec- 
onds in  ri3e-time,  quite  distinguishable  from  the 
Al-Cu  junction  signals  of  only  some  10  mV  ampli- 
tude, and  giving  precisely  the  arrival  time  of  the 
shock  at  the  back  face  of  the  sample.  Figure  2 shows 
a set  of  typical  oscillograms  obtained  with  the  various 
Al-Cu  investigated  composites.  The  periodical  Al-Cu 
junction  signals  clearly  reveal  the  time  when  the 
shock  front  crosses  the  successive  Al-Cu  interfaces 
and  allow  a precise  chronomctric  study  of  the  shock 
propagation  through  the  sample.  In  comparison  with 
other  electrical  or  optical  techniques  currently  used, 
the  great  advantage  of  this  system  derives  from  the 


Fig.  3.  Space-time  diagram  showing  the  shock  front 
stability  in  a lamellar  Al-Cu  sample. 

possibility  of  vizualising  th<’  shock  propagation  within 
the  studied  material,  in  aduition  with  a very  good 
time  resolution. 


(3)  Experimental  Results 

Shock  stability.  Analysis  of  the  records  shows 
that  the  shock  front  velocity  is  constant  through  the 


Fig.  4.  Space  time  diagram  in  the  first  layers  of  a type  I2-I3  sample  shock-loaded  at  155  kbar.  Numbers  denote 
the  pressure  in  kbar  units. 
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Fig.  5.  Shack  wove  configuration  at  X j interface. 

sample.  Illustration  of  this  result  is  given  in  Fig.  3 by 
the  space-time  (x,  t)  diagram  relative  to  an  experi- 
ment performed  on  a type  lj  sample.  Taking  into  ac- 
count uncertainties  in  the  measurements,  it  appears 
that  the  experimental  points  lie  on  a straight  line,  the 
slope  of  which  yields  the  velocity  of  the  shock  front. 
In  the  lamellar  Al-Cu  composite,  the  direction  of 
shock  propagation  being  perpendicular  to  the  plane 
of  the  lasers,  the  formation  of  a stable  shock  front 
necessarily  results  from  an  interaction  between  multi- 
ple shock  and  relief  waves  generated  at  Al-Cu  inter- 
faces. The  propagation  of  the  first  shock  wave  begins 
at  time  t()  when  the  shock  issued  from  the  driver 
plate  enters  the  sample.  The  amplitude  and  velocity 
of  this  wave  steadily  decrease  in  the  course  of  its 
propagation  because  of  the  successive  transmissions 
from  aluminium  to  copper.  The  corresponding  (x,  t) 
curve  separates  from  that  relative  to  the  experimental 
shock  front.  After  some  delay,  the  interval  between 
both  curves  becomes  larger  than  the  uncertainties  in 
the  measurements.  This  result  gives  evidence  that  a 
steady  shock  is  already  formed  in  the  early  stages  of 
the  propagation. 

In  order  to  have  some  informations  about  the 
process  leading  to  the  formation  of  a steady  shock, 
we  nave  constructed  the  (x,  t)  diagram  of  the  multi- 
ple wave  propagation  in  the  first  layers  of  a type  I2-I3 
sample.  The  construction  shown  in  Fig.  4 was  done 


for  an  initial  stress  level  of  155  kbar  in  aluminium, 
corresponding  to  an  average  value  in  the  studied  pres- 
sure range.  The  shock  profile  in  pressure-time  (P,  t) 
coordinates  at  the  first  Al-Cu  interface  designed  by 
X]  in  Fig.  4 is  deduced  from  this  construction  and 
shown  in  Fig.  5.  The  point  of  primary  interest  to  be 
noted  is  that  the  second  shock  wave  following  the 
first  one  at  20  ns  interval  brings  the  material  in  a pres- 
sure state  near  equilibrium.  The  pressure  increase  be- 
hind this  wave  is  slow,  except  peak  Pj  resulting  from 
a reverberation  of  the  first  shock  wave  at  X j inter- 
face. Similar  peaks  of  decreasing  amplitude  occur 
periodically  at  about  100  ns  interval.  They  result 
from  reverberations  at  the  successive  Al-Cu  interfaces 
Xj,  X3, . . . and  do  not  appear  on  Fig.  5 limited  to 
the  first  120  ns  of  the  pressure  evolution.  The  role  of 
these  irregularities  in  the  establishment  of  equilibrium 
state  is  not  significant.  However,  because  of  their 
high  amplitide  they  travel  through  the  sample  with  a 
significantly  faster  velocity  and  may  accelerate  the 
process,  A similar  analysis  at  X2  interface  shows  that 
the  socond  wave  is  in  fact  constituted  of  two  close 
successive  shocks,  and  more  generally  at  Xn  interface 
of  n close  successive  waves.  Because  of  the  approxi- 
mations made  in  the  construction,  it  is  quite  likely 
that  these  successive  waves,  separated  by  only  a few 
nanoseconds,  form  into  an  unique  shock  front  which 
brings  the  material  near  the  equilibrium  pressure.  So, 
the  first  result  given  by  this  analysis  concerns  the 
equilibrium  regime  establishment,  which  appears  to 
be  essentially  governed  by  the  two  first  shock  waves. 

Another  important  feature  revealed  by  the  dia- 
gram of  Fig.  4 concerns  the  velocity  of  the  second 
shock.  During  its  propagation  through  the  first  alu- 
minium layer,  this  wave  interacts  with  the  backward 
rofiected  first  shock  at  X]  interface.  As  a conse- 
quence, the  amplitude  and  velocity  ot  this  wave  are 
increased.  The  same  process  occurs  in  each  alumin- 
ium layer,  so  that  the  mean  velocity  of  the  second 
shock  through  the  sample  does  not  decrease.  In  the 
same  time,  the  first  shock  wave  velocity  decreases. 
This  results  in  a convergence  of  both  waves,  the  sec- 
ond wave  overtaking  the  first  one  at  a distance  evalu- 
ated at  5 or  6 pairs  of  Al-Cu  layers.  At  that  distance, 
Fig.  3 shows  that  the  first  shock  wave  and  the  experi- 
mental shock  front  are  still  close  to  another.  This  re- 
sult explains  the  reason  why  the  first  shock  wave  and 
the  experimental  shock  front  are  quite  distinct  after 
some  delay.  It  is  worth  noting  here  the  differences  in 
the  notion  of  “shock  front”  for  an  homogeneous  ma- 
terial and  for  a lamellar  composite.  In  the  latter  case, 
a stable  shock  front  proceeds  from  an  accumulation 
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of  several  shock  waves  bringing  the  material  in  its 
equilibrium  state,  instead  of  a single  wave  in  the  case 
of  an  homogeneous  material. 

Hugoniot  curves.  The  existence  of  a steady  shock 
front  in  the  Al-Cu  composites  demonstrates  that  the 
shock  behavior  of  these  materials  is  similar  to  that  of 
homogeneous  materials.  As  a consequence,  it  is  pos- 
sible to  determine  their  experimental  Hugoniot 
curves.  This  was  made  by  an  impedance  matching 
method,  from  the  known  amplitude  of  the  incident 
shock  in  the  driver  plate  and  the  measured  shock  ve- 
locity in  the  samples.  The  detailed  numerical  results 
are  given  in  a previous  paper  (8),  where  it  is  also  dem- 
onstrated that  the  shock  compressibility  of  the  inves- 
tigated composites  satisfies  to  a linear  relationship  be- 
tween shock  velocity  D and  particle  velocity  u.  The 
extrapolation  of  the  D(u)  relation  at  u - 0 yields  ex- 
perimental values  for  the  bulk  sound  velocities  which 
are  in  good  agreement  with  those  calculated  from  the 
known  properties  of  the  constituents. 

The  experimental  Hugoniot  curves  for  the  compos- 
ites may  be  compared  with  those  computed  from  the 
known  Hugoniot  curves  for  the  constituents.  In  view 
of  this  calculation,  several  models  may  be  used.  They 
differ  essentially  by  the  assumptions  made  on  thermal 
interactions  between  constituents.  When  the  shock 
amplitude  does  not  exceed  one  or  two  megabars,  the 
thermal  effects  on  the  total  pressure  in  the  sample  are 
small  in  comparison  with  the  pure  mechanical  effects, 
so  that  the  Hugoniot  curves  obtained  from  different 
calculational  models  are  close  one  another.  We  have 
developed  a model  similar  to  the  model  of  mixtures 
derived  by  Me  Queen  et  al  (9),  but  using  a particular 
form  for  the  Gruneisen  parameter  characterized  by  a 
constant  specific  of  each  solid  and  determined  either 
from  the  experimental  Hugoniot  curve  or  from  the 
elastic  properties  of  the  solid  (10).  This  model  pre- 
sented in  a previous  paper  (1 1)  is  applied  here  to  the 
Al-Cu  composites  and  yields  a satisfactory  agreement 
between  the  experimental  and  calculated  Hugoniot 
curves,  as  shown  in  Fig.  6. 


U-DETECTION  OF  HUGONIOT  ELASTIC 
LIMITS  AND  PHASE  TRANSITIONS 

(1)  Experimental  Method 

The  experimental  method  described  above  vas  ap- 
plied with  some  modifications  to  the  detection  of 


Fig.  6.  Hugoniot  curves  for  the  lamellar  Al-Cu  com- 
posites. Full  lines  are  calculated  curves. 

multiple  wave  structures  induced  by  Hugoniot  elastic 
limits  (H.E.L.)  or  phase  transitions.  The  experimen- 
tal arrangement  is  shown  in  Fig.  7.  In  this  modified 
system  the  mylar  sheet  was  introduced  between  the 
driver  plate  and  the  sample  in  order  to  determine 
with  precision  the  arrival  time  of  the  incident  shock 
at  the  front  face  of  the  sample.  The  electrical  re- 
sponse of  the  sample-electrode  junction  was  used  to 
obtain  a vizualisation  of  the  shock  wave  configuration 
at  the  sample  issue,  and  to  establish  shock  wave 
transit-times  from  which  shock  wave  velocities  were 
calculated.  The  Hugoniot  curves  for  the  investigated 
materials  could  be  then  determined  by  means  of  an 
impedance  match  solution.  In  these  experiments  the 
back-up  electrode  was  made  out  of  constantan  (CTE) 
instead  of  copper,  because  the  signal  amplitude  is 
higher  when  CTE  is  used. 

(2)  Hugoniot  Elastic  Limit  of  an  Al-Cu  Alloy 

The  initial  weight  composition  of  the  investigated 
material  was  49%  Cu,  5 1%  Al.  This  corresponds  to  an 
alloy  composed  of  about  92%  Al2  Cu  defined  com- 
pound and  8%  Al.  The  shock  behavior  of  this  mate- 
rial was  studied  in  the  pressure  range  from  30  kbar 
to  1 SO  kbar  with  the  use  of  aluminium  as  reference 
material.  Figure  8 shows  a set  of  oscillograms  reveal- 
ing the  shock  wave  structure  in  the  investigated  mate- 
rial and  its  evolution  with  the  loading  pressure.  At 
high  pressure  (record  1)  a single  electrical  front  is 
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Fig.  7.  Schematic  of  an  experimental  arrangement 
for  detection  of  multiple-wave  shock  structures. 

observed.  It  is  generated  by  the  shock  arrival  at  the 
sample-electrode  interface,  indicating  that  the  pres- 
sure profde  is  composed  of  a single  wave.  In  a lower 
pressure  range  (records  2-5),  two  electrical  fronts  are 
observed  indicating  that  the  initial  shock  breaks  up 
into  two  successive  waves  in  the  course  of  its  propaga- 
tion through  the  sample.  Finally,  at  very  low  pres- 
sure (record  6)  a single  wave  is  observed  again.  This 
evolution  characterizes  materials  exhibiting  a shock 
instability  due  either  to  a dynamic  yield  point 
(H.E.L.)  or  a phase  transformation. 

The  present  instability  is  later  identified  as  an 
H.E.L.  Analysis  of  experimental  results  listed  in 
Table  2 shows  that  the  shock  front  becomes  instable 
for  a loading  stress  between  38  kbar  and  41  kbar  in 
the  aluminium  driver  plate.  Assuming  that  the  transi- 
tion occurs  at  a reference  pressure  of  40  kbar,  we  ob- 
tain the  coordinates  of  the  transition  point  in  the 
Al-Cu  alloy  from  the  measured  velocity  of  the  first 


wave:  (5.95  ± 0.10)  mm/ps. 

These  coordinates  are; 

P.  pressure 

49  kbar 

D:  wave  velocity 

5.95  mm/ps 

u:  particle  velocity 

0.199  mm/ps 

p:  density 

4.24  g/cm3 

The  uncertainty  on  the  transition  pressure  was 
evaluated  to  ± 5 kbar  resulting  partly  from  the  uncer- 
tainty on  the  corresponding  reference  pressure  in  the 
aluminium  driver  plate  and  partly  from  the  uncer- 
tainty on  the  measured  wave  velocity.  The  Hugoniot 
curve  for  the  investigated  alloy  is  given  on  Fig.  9. 

The  shock  instability  at  49  kbar  was  identified  as 
an  H.E.L.  for  the  following  reasons: 


• in  the  assumption  of  a phase  transition,  this 
should  be  observed  also  under  static  pressure. 
But  the  variations  of  electrical  resistivity  of  this 
alloy  recorded  under  static  compression  up  to 

1 00  kbar  did  not  reveal  any  irregularity  which 
could  be  related  to  a phase  transformation. 

• in  the  assumption  of  an  H.E.L.,  the  first  wave 
velocity  should  be  close  to  the  longitudinal 
sound  velocity.  This  velocity  was  measured  by 
ultrasonic  techniques  and  the  obtained  value  of 
5886  m/s  ± 5 m/s  agrees  with  the  shock  value  of 
5950  m/s  ± 100  m/s. 

For  these  reasons  we  conclude  that  the  shock  in- 
stability is  to  be  attributed  to  an  H.E.L.  This  conclu- 
sion was  further  confirmed  by  an  investigation  of 
Al-Cu  alloys  having  various  proportions  of  their  con- 
stituents Al2  Cu  and  A1  (12). 

(3 ) Detection  of  a Phase  Transformation  in  Bismuth 

The  phase  diagram  for  bismuth,  Fig.  10,  estab- 
lished under  static  compression  reveals  several  poly- 
morphic transitions.  Up  to  the  present  work,  only 
the  Bi  I-Bi  11  transformation  at  25  kbar  was  reported 
under  dynamic  compression  (14, 1 5).  The  transition 
Bi  III-Bi  V at  78  kbar  and  room  temperature  was 
never  observed  under  dynamic  pressure  loading.  This 
pressure  is  easily  attainable  with  the  use  of  our  shock 
generating  systems,  therefore  we  studied  the  shock 
behavior  of  bismuth  in  a pressure  range  allowing  the 
detection  of  a possible  shock  induced  phase  change 
related  to  the  Bi  III-Bi  V transition.  The  experimen- 
tal procedure  used  was  identical  to  that  used  in  the 
study  of  Al-Cu  alloys. 

Double-wave  structures  were  observed  in  bismuth 
from  70  kbar  to  86  kbar  demonstrating  that  a phase 
transition  takes  place  at  70  kbar.  Figure  1 1 shows 
records  of  the  shock  profile  and  its  typical  evolution 
with  the  loading  stress.  The  coordinates  of  the  transi- 
tion point  in  bismuth  are: 

P = 70  kbar,  D = 2. 1 95  mm/ps, 

u = 0.3253  mm/ps,  p = 1 1 .505  g/cm3 . 

As  before,  the  uncertainty  on  the  transition  pres- 
sure was  estimated  to  be  ± 5 kbar.  The  Hugoniot 
curve  for  bismuth  determined  from  our  experimental 
results  is  shown  in  Fig.  12.  Complete  experimental 
results  and  their  detailed  analysis  may  be  found  in 
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Typical  oscillogram 

t():  arrival  time  of  the  incident  shock  wave  at  the 
front  face  of  the  sample  (mylar  polarization 
signal) 

tj , t2 : arrival  time  of  the  elastic  wave  (tt ) and  shock 
wave  (t2)  at  the  back  face  of  the  sample  (AlCu- 
CTE  junction  signal) 


V:  20  mV  ( I -5);  50  mV  (6) 
It:  0.1  /as  (1-5); 0.2  ps  (6) 


Hugoniot  curve  in  (P,  u)  coordinates.  The  curvature 
is  accentuated  in  order  to  make  more  apparent  the 
limits  of  the  instability  region. 


71  kbar 


Fig.  8.  Records  of  the  shock  wave  structure  in  an  Ai-Cu  alloy.  Evolution  with  loading  pressure  Pr  in  the  alumi 
nium  driver  plate. 


TABLE  2 


Al-Cu  Alloy  Experimental  Shock  Results 


Pr 

(kbar) 

Dl 

(mm  /pi) 

U1 

(mm  /ms) 

Pi 

(kbar) 

d2 

(mm/ pi) 

u2 

(nrn/ps) 

P2 

(kbar) 

2.37 

5.5* 

0.158 

36 

2.00 

5.5  * 

0.200 

45 

41 

2.01 

6.05 

5.51 

WM 

51 

56 

2.02 

5.85 

0.199 

49 

5.30 

mSSm 

67 

71 

2.00 

5.92 

5.53 

■m 

85 

92 

2.01 

6.00 

5.59 

0.462 

109 

114 

2.00 

5.85 

0.567 

136 

145 

2.01 

6.00 

0.696 

176 

PR:  ihock  preuurc  in  the  aluminium  driver  plate;  xQ:  sample  thicknen;  D(,  Uj , P,,  D2,  u2,  P2:  wave  velocity,  particle  veloc- 
ity and  pressure  for  the  first  wave  (subscript  1)  and  for  the  second  wave  (subscript  2),  *:  precision  on  Dj  ± 0.5  mm/iis,  for  all 
other  experiments  t 0.10  mm/tas. 
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ref.  (16)  where  it  is  also  demonstrated  that  the  ob- 
served dynamic  phase  change  is  related  to  the  Bi  III- 
Bi  V transition.  The  difference  between  the  static 
value  of  78  kbar  and  the  dynamic  value  of  70  kbar 
for  the  transition  pressure  is  accounted  for  by  the 
temperature  increase  in  the  samples  submitted  to 
shock  compression.  In  addition  to  the  analysis  given 
in  ref.  (16),  we  have  calculated  from  our  experimen- 
tal results  the  slope  dP/dT  of  the  phase  line  in  the 
pressure  temperature  plane  corresponding  to  the  ob- 


Flg.  9.  Hugoniot  curve  for  the  investigated  Al-Cu 
alloy. 


served  shock  induced  transition.  We  used  for  this 
purpose  the  following  equation  demonstrated  by 
Duff  and  Minshall  (14): 


/dP\2  + 2a  dP  CP 

\dT/  KA~1-K-ldT  TV(Ka-1  -K"1) 


(1) 


where  all  quantities  are  evaluated  at  the  transition 
point:  pressure  P,  specific  volume  V,  temperature  T, 
thermal  expansion  coefficient  a,  specific  heat  at  con- 
stant pressure  CP  and  bulk  modulus  K of  the  initial 
phase ; bulk  modulus  KA  of  the  mixed  phase  just 
above  the  transition  point.  The  values  of  these  pa- 
rameters are  listed  in  Table  3. 


P and  V are  obtained  from  our  experimental  re- 
sults, T is  estimated,  assuming  that  a low  shock  pres- 
sure, the  Hugoniot  and  the  isentrope  are  essentially 
the  same.  The  following  expression  for  isentropic 
compression  is  used: 


T = T0exp^(Vo-V)  (2) 

v o 

where  subscript  o refers  to  the  initial  state.  The  ratio 
7/V,  where  y is  the  GrOneisen  coefficient,  is  assumed 
to  be  constant.  We  consider  also  that  under  shock 
loading,  bismuth  transforms  directly  from  phase  I to 
phase  V when  the  shock  amplitude  exceeds  70  kbar. 
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The  values  of  a0  and  K0  are  taken  from  recent 
data  of  Fritz  (17)  about  the  variations  of  elastic 
moduli  of  bismuth  with  pressure  and  temperature: 

a0  = 4.2  10-5  “C"1 

K0  = 3.620  101 1 dynes/cm2 


Fig.  10.  Phase  diagram  for  bismuth  (13). 


The  initial  conditions  are 

T0  = 293  °K;  VQ  = 0.10204  g/cm 3 
y0  is  deduced  from  the  thermodynamic  relation: 


(1)  PR  = 79  kbar 


Fig.  11.  Records  of  the  shock  wave  structure  in  bis- 
muth and  evolution  with  loading  pressure  PR  in  the 
aluminium  driver  plate. 

V:  10  mV  (1,2, 3) 

H:  0.1  ms (1):  0.2*ts(2,3) 

Sample  thickness:  1 05  mm  (1 );  2,30  mm  (2); 

1.97  mm  (3). 


The  value  of  the  specific  heat  at  constant  volume 
Cv  is  taken  from  data  of  Gschneidner  (18):  Cv  = 
6.12  cal/at.g.  The  value  of  K at  70  kbar  is  extra- 
polated from  measurements  made  by  Fritz  on  the  Bi  1 
phase  stable  up  to  25  kbar,  and  the  value  of  a is  de- 
duced from  Eq.  (3)  where  all  quantities  are  then 
taken  at  70  kbar  pressure  and  Cy  is  assumed  inde- 
pendent of  pressure.  Finally  the  value  of  KA  is  de- 
rived from  our  shock  measurements  as  schematically 
illustrated  by  Fig.  13,  where  point  A refers  to  the 
phase  transition,  M to  a point  in  the  mixed  phase  re- 
gion and  Dm  to  the  velocity  of  the  second  shock 
wave.  Our  experimental  results  yield: 

lim  Dm  = 1 .925  mm/ps 
M->A 


Fig.  12.  Hugoniot  curve  for  bismuth. 
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TABLE  3 


Parameters  forBi  at  the  Transition  Pressure  of  70  kbar 


p 

(kbar) 

V 

(cm3/g) 

T 

(°K) 

a 

K 

(dyncs/cm2) 

CP 

(cal/at.g) 

(dynes/cm2) 

70 

0.0869 

353 

1.89  10"s 

8.1011 

6.20 

2.043  1011 

Pig.  13.  Determination  of  the  bulk  modulus  KA  in 
the  mixed  phase  region. 


The  corresponding  value  of  KA  is  reported  in  Table  3, 
The  value  of  the  phase  line  slope  derived  from  Eq.  (I) 
at  70  kbar  is: 

— = - 1.47  108  dynes  cm"2  °K-1 

This  value  may  be  compared  to  the  slope  of  the  Bi 
III-V  phase  line,  the  equation  of  which  was  estab- 
lished from  measurements  under  static  pressure  by 
Haygarth  et  al.  (19). 

P,H.V  = 96.048  - 2.0949  10"4  T2  (4) 

where  units  are  kbar  for  P and  °iC  for  T.  It  must  be 
first  noticed  that  at  353  UK,  which  is  the  calculated 
temperature  in  bismuth  shock-loaded  at  70  kbar, 

Eq.  (4)  predicts  Pju.y  = 70  kbar.  This  is  exactly  the 
same  value  as  that  determined  for  dynamic  transition 
pressure.  This  result  obtained  with  the  recent  data  of 
Fritz  improves  the  former  result  given  in  ref.  (16). 


From  Eq.  (4),  the  slope  of  the  Bi  III-V  phase  line  at 
70  kbar  is: 

= - 1.48  108  dynes  cm-2  °K”1 

III-V 

This  value  differs  only  of  0.7%  from  the  slope  derived 
from  shock  measurements.  Taking  into  account  the 
approximations  made  in  the  calculations,  the  agree- 
ment between  both  values  may  be  considered  as  ex- 
cellent and  confirms  that  under  shock  loading,  bis- 
muth transforms  directly  from  phase  I to  phase  V 
when  the  applied  stress  exceeds  70  kbar,  and  that  the 
dynamic  Bi  I-V  phase  line  is  identical  to  the  static  Bi 
III-V  phase  line. 


CONCLUSION 

The  electrical  effect  produced  by  the  passage  of  a 
shock  wave  through  a bimetallic  junction  gives  the 
basis  of  a simple  and  efficient  procedure  for  investi- 
gating the  properties  of  solids  submitted  to  dynamic 
compression.  With  the  use  of  this  method,  we  could 
obtain  a visualisation  of  the  shock  front  propagation 
through  samples  of  lamellar  Al-Cu  composites  and  ac- 
complish a detailed  study  of  the  shock  behavior  of 
these  materials.  The  same  technique  used  for  the 
vizualisation  of  shock  front  instabilities  allowed  us  to 
detect  the  Hugoniot  elastic  limit  of  an  Al-Cu  alloy 
and  the  Bi  I-*V  phase  transition  at  70  kbar  in  bis- 
muth. This  shock  induced  phase  transformation  was 
never  previously  observed,  perhaps  because  of  the 
narrow  pressure  range  in  which  the  resulting  double- 
shock configuration  appears  (from  70  kbar  to  86 
kbar).  The  good  precision  and  time  resolution  of 
our  experimental  method  made  this  detection  pos- 
sible. These  qualities  of  the  method  appear  as  a great 
advantage  in  comparison  to  the  possibilities  of  other 
experimental  methods  used  in  shock  wave  physics. 
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THE  JCZ  EQUATIONS  OF  STATE  FOR  DETONATION  PRODUCTS 
AND  THEIR  INCORPORATION  INTO  THE  TIGER  CODE 


M.  Cowperthwaite  and  W.  H.  Zwisler 
Stanford  Research  Institute 
Menlo  Park,  California  94025 


The  Jacobs  equations  of  state,  Jl,  J2,  and  J3,  based  on  intermolecular  potentials  for 
a single  species,  were  rewritten  fora  mixture  containing  n moles  of  s species,  labeled 
JCZ1,  JCZ2,  andJCZ3,  and  programmed  into  the  TIGER  code  so  that  they  could 
be  used  to  make  detonation  calculations.  Calculations  were  made  on  RDX  and  TNT 
at  different  loading  densities  to  provide  a means  of  testing  these  equations  of  state, 
the  values  of  the  molecular  potential  constants  used  in  their  formulation,  and  the 
sensitivity  of  the  calculated  results  to  changes  in  the  molecular  potential  constants. 
Comparison  of  calculated  and  experimental  Chapman-Jouguet  parameters  showed 
that  the  exponential  13.5-6  potential  is  more  satisfactory  for  treating  detonation 
products  than  the  Mie  9-6  potential  and  led  to  the  conclusion  that  with  appropriate 
adjustments  of  molecular  parameters  the  JCZ3  equation  of  state  will  provide  a 
realistic  description  of  detonation  products. 


INTRODUCTION 

Codes  for  calculating  realistic  detonation  proper- 
ties are  important  for  predicting  the  performance  of 
high  explosives  and  for  assessing  the  usefulness  of  new 
explosive  formulations.  The  TIGER  code  (1)  for 
making  such  calculations  was  originally  developed  and 
documented  for  the  Ballistic  Research  Laboratories 
(BRL).  Further  code  work  was  carried  out  in  con- 
junction with  Lawrence  Livermore  Laboratory  (LLL), 
Picatinny  Arsenal  (PA),  and  the  Naval  Surface  Wea- 
pons Center  (NSWC).  The  present  paper  presents  the 
portion  of  this  work  concerned  with  the  equation  of 
state  of  the  detonation  products,  which  was  carried 
out  in  collaboration  with  Dr.  S.  J.  Jacobs  of  NSWC. 

A more  fundamental  equation  of  state  is  required 
to  perform  more  realistic  detonation  calculations  on 
condensed  explosives  with  a hydrothermodynamic 
code  such  as  TIGER  because  the  thermodynamic 
description  of  detonation  products  provided  by  the 
Becker-Kistiakowsky-Wilson  (BKW)  (1)  equation  is 
limited.  The  more  fundamental  Jacobs- 


Cowpcrthwaite-Zwisler  equations  of  state  for  detona- 
tion products  (JCZ1 , JCZ2,  and  JCZ3)  were  formu- 
lated by  incorporating  mixture  rules  for  n moles  of  s 
species  into  the  pressure-volume-temperature  (p-v-T) 
relationships  (J  1 , J2,  and  J3)  developed  by  Jacobs  for 
a single  species  considered  as  a fluid.  (2)  (3) 

The  thermodynamic  functions  needed  to  calculate 
detonation  properties  with  JCZ1 , JCZ2,  and  JCZ3  in 
TIGER  were  derived  and  programmed  to  interface 
with  the  STATE  G routine.  And  the  resulting  JCZ 
options  were  debugged  and  tested  by  performing 
detonation  calculations  for  RDX  and  TNT  at  different 
loading  densities. 


THE  JACOBS  EQUATIONS  OF  STATE 
J1.J2,  AND  J3 

Jl,  J2,  and  J3  are  based  on  a (p-v-T)  relationship 
for  1 mole  of  fluid  of  the  form 


P=Po(v)  + G(v,T)  RT/v 
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(3) 


where  p0(v)  denotes  the  lattice  pressure  along  the 
zero  degree  isotherm,  R is  the  universal  gas  constant, 
and  the  G factor  accounts  for  the  thermal  contribu- 
tion to  the  pressure  arising  from  intcrmolccular 
forces.  The  problem  of  formulating  the  (p-v-T)  equa- 
tion for  a single  species  can  be  considered  as  that  of 
constructing  expressions  for  p0(v)  and  G(v,  T)  with 
the  pair  potential  describing  the  forces  of  interaction 
between  the  molecules.  Since  Eq.  ( 1 ) must  describe 
states  ranging  from  the  ideal  gas  to  the  dense  com- 
pressed state,  the  G factor  must  reduce  to  the  virial 
expansion  at  low  density  and  must  approach  the  value 
determined  by  the  repulsive  potential  at  the  high 
density  limit.  Dr.  Jacobs  took  a scmiempirical 
approach  to  this  problem  and  used  the  results  of 
Monte  Carlo  (MC)  and  Lennard-Jones  and  Devon- 
shire (LJD)  calculations  to  determine  unknown 
parameters  in  theoretical  expressions  for  p(,(v)  and 
G(v,T). 

The  expression  for  p0  = - dE„/dv  where  E0(v) 
denotes  the  volume  potential  of  a face-centered  cubic 
(FCC)  lattice.  The  Madelung  constants  in  this  expres- 
sion were  changed  to  obtain  agreement  with  MC 
calculations  in  the  fluid  region  to  account  for  the  fact 
that  the  detonation  products  behave  more  like  a fluid 
than  a solid.  The  J1  and  J2  expressions  for  E„(v) 
were  based  on  the  Mic  potential  (i!  - m)  i plc0  = 
m(r*/r)8  - B(r*/r)m,  where  r denotes  the  intermolccu- 
lar  distance,  i and  m denote  the  repulsive  and  attrac- 
tive exponents,  and  e0  denotes  the  depth  of  the 
potential  well  at  the  equilibrium  distance  r*.  The  J3 
expression  for  E0(v)  was  based  on  the  exponential 
potential  which  can  be  obtained  simply  by  substitut- 
ing exp (C(  1 - r/r*)]  for  (r*/r)8  in  the  Mie  potential. 
The  G factors  were  formulated  in  terms  of  the  non- 
dimensional  density  p = v*/v  a (r*/r)3  and  the  non- 
dimensional  temperature  0 - RT/e0  where  e0  = Ne0, 

N denotes  Avogadro’s  number,  and  v = (N/>/2)r3. 

The  parameter  0 is  also  written  as  T/T*  with  T*  = ej k 
and  Boltzmann’s  constant  k 3 R/N. 

The  G factor  was  constructed  so  that  the  Helm- 
holtz free  energy  A could  be  written  explicitly  in 
terms  of  E0(v),  the  Helmholtz  free  energy  of  an  ideal 
gas  Aj,  and  an  f factor  as 

A = At  + E0(v)  + RT  in  f(v,  T)  (2) 

For  notational  simplicity  1 ■ Snf  is  used  here  for  all 
the  equations  of  state.  The  relationship  between  G 
and  f is  obtained  simply  as 


G = 1 -v/ffdf /dv>j. 

by  differentiating  Eq.  (2)  to  obtain  the  (p-v-T)  equa- 
tion of  state  with  the  identify  p = - (3A/9v>i-.  The  f 
factor  was  written  as  a power  series  so  that  the 
expression  for  G calculated  with  Eq.  (3)  has  the  cor- 
rect limiting  behavior  at  high  and  low  densities  and 
agrees  within  computational  error  with  the  numerical 
results  of  the  MC  and  LJD  calculations.  The  power 
series  for  the  J 1 f factor  was  constructed  empirically, 
but  those  for  the  J2  and  J3  f factors  were  constructed 
with  f defined  in  terms  of  the  molar  free  volume  vf  as 
f=  v/vf. 

The  free  volume  was  introduced  theoretically  by 
considering  the  physical  assumptions  that  simplify  the 
classical  canonical  partition  function  12,  so  that  the 
equation  for  A 

A(v,  T)  =•  - RT  fin  il  (4) 

can  be  transformed  into  Eq.  (2).  At  high  densities  the 
value  of  Vf  are  determined  by  the  lattice  vibrations, 
and  at  low  densities  Vf  -+  v as  the  system  becomes 
ideal  and  f -*■  I . The  f factor  was  assumed  to  be  the 
sum  of  a gaseous  f factor  fg  and  a solid  f factor  f,  and 
written  simply  as 

f-fg  + f.  (5) 

It  was  constructed  so  that  f'g  dominated  the  sum  at 
low  densities,  and  the  ft  term  dominated  the  sum  at 
high  densities.  Th6  expressions  for  fg  were  formulated 
with  virial  coefficients  calculated  with  the  repulsive 
potential,  those  for  f,  with  Einstein’s  harmonic 
approximation  for  a solid,  and  the  repulsive  potential 
for  a FCC  lattice. 


THE  JACOBS-COWPERTHWAITE-ZWiSLER 
EQUATIONS  OF  STATE 

Equations  of  state  for  a single  species  cannot  be 
used  to  calculate  realistic  detonation  parameters 
because  the  detonation  products  are  composed  of 
different  species.  The  first  step  in  our  equation-of- 
state  task  was  therefore  to  incorporate  relationships 
for  a mixture  of  species  into  J 1 , J2,  and  J3.  A mix- 
ture of  volume  V containing  n moles  of  s different 
species  with  mole  number  nj(n  ■ 1 ...  s)  was  con- 
sidered. It  was  necessary  to  consider  the  mole 
numbers  describing  the  composition  of  the  mixture 
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as  independent  variables  and  modify  J1 , J2,  and  J3 
accordingly.  The  modification  was  based  on  the 
assumption  that  the  equations  for  the  pressure  p(V, 

T,  ni  ...  ns)  and  the  lattice  energy  E0(V,  ni  ...  ns)  of 
the  mixture  have  the  same  form  as  those  for  J 1 , J2, 
and  J3.  Equation  (1),  for  example,  was  rewritten 
formally  for  the  mixture  as 

p = p0(V,ni  ...  n,)  + G(T,  V,  ni  ...  n,)nRT/V  (6) 
with 

-t 

i=*l 

Since  J1 , J2,  and  J3  were  formulated  with  the  non- 
dimensional  variables  v/v*  and  T/T*  = RT/e0 , the 
mole  numbers  were  introduced  explicitly  by  formulat- 
ing expressions  for  the  e0  and  the  V*  of  the  mixture. 
These  expressions  were  based  on  the  assumption  that 
the  properties  of  the  detonation  products  can  be 
adequately  described  by  considering  pair-pair  inter- 
actions. The  potential  functions  describing  i - i inter- 
actions had  therefore  to  be  generalized  to  describe 
i - j interactions.  The  parameters  ey  or  TfJ  * ey/k 
were  used  to  denote  the  depth  of  the  potential  well 
for  unlike  molecules,  and  r(j  and  Vy  were  used  to 
denote  the  corresponding  equilibrium  distance  and 
associated  volume.  But  for  notational  simplicity,  the 
double  subscript  was  not  used  for  i - i interactions, 
and  e0  used  previously  for  one  species  was  written  as 
C|.  The  equations  for  e0  and  V*  must  satisfy  the 
thermodynamic  identify  (4) 


Vfj  - N(r(j)V2 

(10) 

and 

V*  = N(R*)3/VT 

(ID 

with 

j = 1 ...  s 

(12) 

but  Eqs.  (9)  and  (10)  were  used  instead  of  Eqs.  (1 1) 
and  (12).  JZ1,  JZ2,  and  JZ3  were  generated  from  Jl, 
J2,  and  J3  by  replacing  v/v*  and  T/Tf  * RT/e|  with 
V/V*  and  T/T*  = nRT/e0  with  V*  and  e0  defined  by 
Eqs.  (8),  (9),  and  (10).  The  additional  relationships, 
ey  = f(ei,  ej)  and  rjj  = g(r*,  r*),  needed  to  perform 
calculations  were  assumed  to  be 

R W 

and 

* r*  + r* 

2 

(13) 

(14) 

but  the  derivatives  used  in  the  calculations  were 
derived  in  terms  of  ey  and  rS  so  that  relationships 
other  than  Eqs.  (1 3)  and  (14)  could  be  introduced 
into  the  equations  of  state  and  used  without 
difficulty. 


" = £ m(JWan,)T(Pt„  * n, 

i=  1 

that  is  valid  for  an  extensive  variable  v.  The  following 
equations  were  considered  in  the  present  work: 

e°  = 1/n£,  Zl.n.n.e,.  * = 1 •••  s,  j = 1 ...  s 

i J i j ij  (8) 


INCORPORATION  OF  AN  EQUATION 
OF  STATE  INTO  TIGER 

The  introduction  of  a new  equation  of  state  into 
the  TIGER  code  is  by  no  means  a trivial  task.  The 
p = p(V,  T,  nj  ...  n,)  relationship  must  be  rewritten  in 
the  form  used  in  the  code  and  then  used  to  derive  the 
expressions  needed  to  perform  thermodynamic  calcu- 
lations. The  form  used  in  the  code  is 


with 


ey  «*  Ney 

V*»  1/n  y rn* 

Z-.j  ^n,njVy 


(9) 


(15) 


with 


i = 1 ...  s,  j = 1 ...  s 


164 


where  v ■ M0/p,  M0  denotes  the  mass  of  the  system 
including  condensed  phases,  and  4>  is  the  imperfection 
term,  which  has  a value  of  1 for  the  ideal  gas.  It  is 


necessary  to  derive  expressions  for  <J>,  the  frozen 
partial  derivatives  3£n<J>/3£nT,  3£n4>/3£np,  3£n<l>/3n|, 
the  activity  coefficients 


dri  1 / n 92E0  31  31 

— = — — + n — + n — 

3nj  n \RT  3nj3nj  . 3nj  3nj 


rp  IX  _ap 
J0  |_RTp 


~ i = 1 ...  s (16) 
P 


(26) 


and  their  frozen  partial  derivatives  3 T j/3fenT , 
bVJbinfi,  and  3f  j/Snj,  and  the  imperfection  integrals 


It  is  convenient  to  derive  general  expressions  for 
these  quantities,  for  the  JCZ  equation  of  state  using 
Eq.  (2),  with  all  the  terms  considered  to  be  a function 
of  the  composition.  The  following  equations  were 
derived  for  the  JCZ  equation  of  state: 


1L  V 3Eo 

3V  ' nRT  3V 


(19) 


3gnd»  _ J_  /_V_  321  \ 

36nT  " 4>\nRT  3V  " V 3T3V/ 


(20) 


(27) 


eT  _ 


n 2T 


(28) 


Incorporation  of  an  equation  of  state  into  TIGER 
is  tested  by  checking  the  values  of  the  partial  deriva- 
tives against  those  computed  by  differencing  tech- 
niques and  checking  the  values  of  Pj,  e,  and  against 
those  computed  by  numerical  integration  of  the  equa- 
tions. It  should  be  noted  that  the  expressions  for  Pj, 
e,  and  can  be  obtained  more  easily  by  differentia- 
tion than  by  integration  in  the  present  case  because 
the  form  of  the  Helmholtz  free  energy  is  known  , - 
explicitly.  The  equations  were  used  to  derive  expres- 
sions for  all  the  JCZ  equations  of  state  in  terms  of  the 
nondimensional  variables.  Only  the  equations  used 
to  incorporate  JCZ3  into  the  TIGER  code  are  given 
here,  however,  because  of  space  limitations. 
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CALCULATIONS  AND  CONCLUSIONS 

The  jCZ  equations  of  state  for  nine  molecula. 
species  were  used  to  calculate  Chapman-Jouguct  (CJ) 
states  and  the  isentropes  passing  through  them  for 
RDX  at  loading  densities  of  1 .8, 1 .4,  and  1 .0  g/cm3 
and  for  TNT  at  loading  densities  of  1 .6, 1 .4, 1 .2,  and 
1.0  g/cm3.  The  potential  constants  used  in  the  calcu- 
lations were  standardized  by  adopting  the  values  given 
by  Fickett  (5)  and  by  assuming  that  the  constants  for 
NH3  were  the  same  as  those  for  H2O.  The  standard 
ideal  gas  state  and  solid  carbon  were  treated  with  the 
data  already  in  the  TIGER  library.  The  results  of 
these  detonation  calculations  were  compared  with 
experimental  values  to  test  the  validity  of  the  JC2 
equations  of  state,  the  values  used  for  their  potential 
constants,  and  the  sensitivity  of  the  calculated 
parameters  to  changes  in  the  potential  constants. 

This  comparison  showed  that  the  CJ  values  calculated 
with  the  standardized  potential  constants  agree 
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reasonably  well  with  the  experimental  values  and  lead 
to  the  following  conclusions: 


Appendix 

JCZ3  EQUATIONS  FOR  TIGER 


• JCZ2  and  JCZ3,  based  on  the  harmonic  approxi- 
mation, provide  a better  description  of  detona- 
tion products  than  JCZ1 . 


The  ICZ3  equation  of  state  for  a mixture  of  n 
moles  of  s species  was  formulated  with  the 
exponential  8 - m pair  potential  in  terms  of 


• JCZ3,  based  on  the  exponential  13.5-6  y* 

potential,  is  more  satisfactory  for  treating  y = — 

detonation  products  than  JCZ2  based  on  the 
Mie  (9-6)  potential. 

with  F given  by  the  equation 


• Modification  of  the  potential  constants  should 

T(£  - in)  ' 
m(e0/nR). 

the  values  chosen  for  the  potential  constants. 


lead  to  better  agreement  with  experiment 
because  the  calculated  CJ  state  is  sensitive  to 


(Al) 


(A2) 


The  results  of  the  present  paper  lead  to  the  con- 
clusion that  further  work  to  develop  a realistic  equa- 
tion of  state  of  detonation  products  should  be  based 
on  JCZ3  or  a similar  equation  of  state.  Additional 
work  on  JCZ3  should  include  a parameter  study  to 
determine  the  best  set  of  values  of  the  potential  con- 
stants and  the  evaluation  of  potential  constants  for 
species  not  considered  in  the  present  calculations. 


where  Cj  = c + 8 and  c denotes  Euler’s  constant.  The 
parameters  V*  and  eD  are  defined  by  Eqs.  (7)  and  (8), 
The  equation  for  E0  was  written  as 

E0  = e0Z  (A3) 

with  Z = s(re  - rm),  s = m8/2(8  - m),  and  rm  = (Bm/rn) 
(V*/V)m  defined  for  JCZ2,  but  with  rK  given  by  the 
equations 


r„  = (Bs/B)  exp(8  - z)  (A4) 
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Additional  parameters  s,  and  s(  were  introduced  into 
the  equations  for  rjj  and  ey 
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so  that  calculations  could  be  made  with  modified 
values  of  all  the  fj  and/or  modified  values  of  all  the 
Cj.  With  Eqs.  (A8)  and  (A9),  the  set  of  parameters  in 
JCZ3  is  (C,  m,  Bj,  Bm,q,aj  ...  aq,  c,  Sj,  sf , r*,^) 
with  i = 1 , ...  s,  and  all  of  these  parameters  must  be 
known  in  order  to  make  thermodynamic  calculations 
with  JCZ3.  The  set  of  constants  (aj , ....  aq)  are 
defined  by  a set  of  recurrence  relations  in  terms  of 
coefficients  in  the  virial  expansion  determined  by  MC 
calculations.  The  recurrence  relation-;  are  the  condi- 
tions for  the  G factor  to  reduce  to  the  virial  expan- 
sion as  y approaches  zero. 

As  for  JCZ2,  Eqs.  ( 1 8)  to  (27)  had  to  be  rewritten 
for  JCZ3.  Derivatives  of  e0,  V*,  used  to  rewrite  these 
equations  are  as  follows: 
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The  equations  for  the  partial  derivatives  of  E0  with 
respect  to  the  volume  and  the  mole  numbers  and  for 
the  partial  derivatives  of  Z are 
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The  equations  for  the  partial  derivatives  of  y are  as 
follows: 
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It  is  convenient  to  treat  the  fg  and  fs  factors 
separately  for  JCZ3  because  fs  car-  ot  be  treated  as 
another  term  in  the  polynomial  for  fg  as  it  was  for 
JCZ2.  The  equations  for  the  first  (fg)  and  second 
Og')  derivatives  of  fg  with  respect  to  y are 
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The  corresponding  expressions  for  fs  written  with  zl 
and  z2  defined  by 
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The  other  equations  for  fg  are  as  follows: 
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The  equations  for  l = £nf  were  written  as 
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And  Eqs.  (1 8)  to  (27)  were  rewritten  in  terms  of 
these  derivatives  of  JCZ3  as: 
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DISCUSSION 

S.J.  JACOBS 

U.S.  Naval  Surface  Weapons  Center 

As  the  J of  the  JCZ  equations  of  state,  EOS,  I 
would  like  to  make  a few  amplifying  comments  on 
the  paper  by  Cowperthwaite  and  Zwisler,  CZ.  Refer- 
ences CZ  2 and  3 represent  my  very  early  thinking 
about  the  EOS  problem.  At  that  time  the  amount 
of  Monte  Carlo  calculations  were  quite  limited  but 
I recognized  the  possibility  that  the  EOS  results  in 
them  might  be  described  by  a free  volume  approach 
as  used  by  Lennard-Jones  and  Devonshire,  UD, 

(Ref.  J 1).  This  was  confirmed  with  the  MC  results 
of  Wood  (Ref.  J2)  for  the  Lennard-Jones  12-6 
potential.  At  that  time  I actually  considered  only  the 
representation  of  the  imperfection  term  in  the 
thermal  contribution  to  the  EOS  and  a volume 
dependent  term.  When  I took  up  the  study  again 
several  years  later  it  became  apparent  that  the 
Helmohltz  free  energy  would  be  more  useful.  With 
it  all  important  terms  for  both  the  EOS  and  the  other 
thermodynamic  variables  could  be  derived  by  straight- 
forward differentiation  of  the  free  energy.  At  the 
same  time  new  results  of  the  MC  method  became 
available,  principally  Hoover  (Ref.  3, 4)  and  Ross 
(Ref.  5).  At  that  time  I also  had  the  benefit  of  some 
UD  calculations  made  for  me  by  Fickett  for  various 
Mie  and  Buckingham  (expo-m,n)  potentials.  The 
main  problem  I had  was  to  describe  the  free  volume 
in  the  Helmholtz  free  energy  in  closed  form.  It  was 
desired  that  this  term  describe  a quasi-harmonic 
oscillator  model  at  high  density,  a moderately  non- 
ideal gas  at  intermediate  density,  and  give  a limiting 
ideal  gas  at  very  low  density.  The  trick  turned  out  to 
be  to  define  the  “f”  function  (CZ  Equ.  5)  as  a sum  of 
two  terms  as  described  by  CZ.  The  result  of  this 
approach  permits  the  use  of  potential  functions  other 
than  those  used  in  the  MC  method  with  a fair  degree 
of  assurance  that  the  result  will  approximate,  at  least, 
the  results  that  MC  would  give  for  spherically  sym- 
metric molecules.  This  is  roughly  what  was  found  in 
the  case  of  the  expo-m,n  potential.  In  this  case  the 
amount  of  MC  work  is  very  limited  but  the  agreement 
to  this  work  (Ref.  5)  was  reasonably  good.  The 
imperfection  term,  G,  (Equ.  CZ3)  is  a sensitive  term 
for  comparing  the  present  EOS’s  with  such  work  as 
MC  or  UD.  Our  result  for  the  expo  potential  is  also 
in  fairly  good  agreement  wit  Fickett’s  UD  calcula- 
tions in  this  comparison. 


A second  problem  that  arose  was  the  explanation 
of  the  two  branches,  fluid  and  solid,  in  the  MC  out- 
puts. It  was  suggested  by  D.  J.  Pastine  that  the 
important  difference  between  these  states  would  be 
the  alteration  of  the  volume  potential  and  hence  the 
volume  dependent  pressure.  An  appropriate  correc- 
tion to  the  volume  potential  based  on  MC  data  was 
able  to  correlate  the  two  states.  I have  used  the  fluid 
stage  for  the  detonation  problem  since  order  is 
undoubtedly  lacking.  It  turns  out  that  UD  had 
already  considered  the  problem  in  a similar  light  (Ref. 
J6).  The  work  of  UD  suggests  that,  in  the  absence  of 
MC  data,  it  is  possible  to  make  a reasonable  correction 
in  terms  of  the  difference  in  volume  produced  at  the 
normal  melting  point. 

In  the  final  checkout  of  the  EOS  substantial  use 
was  made  of  Fickett’s  work  (Ref.  J7).  UD  is  a 
pretty  acceptable  EOS  for  the  detonation  state  but 
has  the  mathematical  difficulty  of  requiring  a 
considerable  amount  of  numerical  integration. 

I wish  to  commend  Cowperthwaite  and  Zwisler  for 
the  successful  execution  of  the  difficult  task  of  ex- 
tending the  work  I did  to  the  description  of  a complex 
equilibrium  system  and  getting  it  coded  into  a work- 
able TIGER  code. 


REFERENCES 

J 1 . J.  E.  Lennard-Jones  and  A.  F.  Devonshire, 
“Critical  Phenomena  in  Gases  - I”,  Proc.  Royal 
Soc.,  A163,  pl53  (1937). 

J2.  W.  W.  Wood,  “Monte  Carlo  Studies  of  Simple 
Liquid  Models”,  Chap.  5 in  “Physics  of  Simple 
Liquids”,  H.  N.  Temperley,  et  al.,  ed.  Wiley 
Interscience  Div.  of  John  Wiley  and  Sons,  New 
York  (1968). 

J3.  W.  G.  Hoover,  et  al.,  “Soft  Sphere  Equation  of 
State”,  J.  Chem.  Phys.  52, 4931  (1970). 

J4.  W.  G.  Hoover,  et  al.,  “Thermodynamic  Properties 
of  the  Fluid  and  Solid  Phases  for  Inverse  Power 
Potentials”,  J.  Chem.  Phys.  55, 1128  (1971). 

J5.  M.  Ross,  and  W.  G.  Hoover,  “Shock  Compression 
of  Argon.  II.”,  J.  Chem.  Phys.  46, 4203  (1967). 


36.  J.  E.  Lennard-Jones  and  A.  F.  Devonshire, 
“Critical  and  Co-operative  Phenomena  - III.  A 
Theory  of  Melting  and  the  Structure  of  Liquids”, 
Proc.  Royal  Soc.,  A109, 317  (1939). 


J7.  W.  Fickett,  “Detonation  Properties  of  Condensed 
Explosives  Calculated  with  an  Equation  of  State 
Based  on  Intermolecular  Potentials”,  Los  Alamos 
Laboratory  Report  LA-2712  (Dec  1962). 


SYMPATHETIC  DETONATION  OF  AMMONIUM  PERCHLORATE 
BY  SMALL  AMOUNTS  OF  NITROGUANIDINE 


Allen  J.  Tulis 
UT  Research  Institute 
Chicago,  Illinois  60616 


Investigations  into  the  detonation  characteristics  of  very  low  density  explosives  has 
led  to  the  development  of  an  explosive  composite  of  small  amounts  of  nitroguani- 
dinc  (NQ)  in  ammonium  perchiorate  (AP).  Near  ideal  detonation  of  NQ  at  densities 
of  0.18  to  0.015  g/cc  heavily  diluted  in  AP  have  been  achieved  and  evidently  induce 
a sympathetic  detonation  in  the  major  AP  component.  Amounts  of  NQ  as  low  as  1 
percent  in  AP  will  control  the  detonation  rate  of  such  NQ-AP  composites.  It  ap- 
pears that  the  full  energy  of  the  AP  is  released  in  the  detonation  of  these  com- 
posites. It  also  appears  that  charge  diameters  and  confinement  do  not  influence 
these  results  except  when  conditions  become  such  that  the  AP  itself  can  undergo 
nonideal  detonation.  Similar  effects  in  other  explosive  composites  are  suggested. 


INTRODUCTION 

The  purpose  of  this  paper  is  to  present  some  in- 
teresting results  in  the  behavior  of  ammonium  per- 
chlorate (AP)  in  a detonative  reaction  and  to  advance 
some  theories  on  the  detonation  mechanism  in  com- 
posite explosives.  Gordon  (1)  described  the  con- 
trasting behavior  of  composite  and  molecular  ex- 
plosives wherein  composite  explosives  were  mixtures 
of  self-explosive  oxidizers  such  as  AP  and  an  inert 
fuel.  Although  we  have  investigated  various  cor  bi- 
nations of  mixed  explosive-fuel-oxidizer  composites, 
this  paper  will  be  concerned  only  with  AP  mixed  with 
various  amounts  of  nitroguanidine  (NQ).  The  reason 
for  this  is  that  this  particular  combination  of  two  ex- 
plosive materials  appears  to  have  some  unique  char- 
acteristics. An  initial  supposition  was  that  both  of 
these  explosive  materials  have  a decreased  critical 
charge  diameter  with  decreasing  density,  which  is  con- 
trary to  most  explosive  materials.  Cook  (2)  explains 
this  effect,  in  fuel-oxidizer  composites,  by  a slowing 
down  of  the  diffusion  reaction  with  increasing 
density. 

The  detona'ion  velocity  of  condensed  phase  ex- 
plosives is  a function  of  the  chemical  energy  released 


in  the  detonation,  the  rate  at  which  this  energy  is  re- 
leased, the  initial  density  of  the  explosive,  the  ex- 
plosive charge  diameter  and  the  degree  of  confine- 
ment. Provided  the  charge  diameter  is  adequate,  the 
detonation  velocity  becomes  a function  of  initial  ex- 
plosive density  only  and  is  completely  determined  by 
the  thermohydrodynamics  of  the  explosive.  Such  high 
velocity  detonations  (HVD)  are  constant  and  unique 
for  each  explosive  at  constant  density  and  are  termed 
ideal  detonation  velocities  (Dj).  Although  there  exist 
much  greater  intricacies  in  the  detonation  velocity 
behavior  of  explosives  with  density  and  with  the 
detonation  wave  front  (2,3),  this  paper  will  be  con- 
cerned with  a relatively  simplistic  approach  concern- 
ing the  empirical  linear  relationship  of  solid  explo- 
sives detonation  velocity  versus  density  and  the  impli- 
cation of  this  relationship  to  experimental  results 
obtained  with  composite  explosives,  specifically  AP 
with  small  amount  of  NQ  added. 

THEORETICAL 

It  has  been  known  for  some  time  that  certain  ex- 
plosives can  detonate  at  two  distinct  velocities;  the 
normal  HVD  which  corresponds  to  the  fhermohydro- 
dynamic  theory  and  a much  lower  velocity,  termed 
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low  velocity  detonation  (LVD)  which  propagates  at 
about  the  sonic  velocity  for  the  unreacted  explosive. 
In  the  case  of  nitroglycerine,  for  which  these  dual 
propagation  rates  were  first  observed  (4),  the  HVD  is 
about  8 mm/ nsec  whereas  the  LVD  is  about  2 mm/ 
nsec.  There  is  a dependence  on  charge  diameter,  con- 
finement and  severity  of  initiation,  amongst  other 
factors,  that  determines  which  velocity  will  event.  In 
general,  LVD  is  much  harder  to  achieve  reproducibly 
and  often  results  ,'n  a transition  to  HVD.  The 
mechanism  of  LVD  is  basically  attributed  to  a grain 
burning  in  solid  particulates  and  shock-induced  cavi- 
tation, leading  to  bubble  formation  in  liquid  explo- 
res such  as  nitroglycerine. 

Ideal  detonation  occurs  in  explosives  when  ade- 
quately initiated  and  when  the  charge  diameter  is  suf- 
ficiently large;  the  Dj  is  then  only  a function  of  initial 
explosive  density.  The  minimum  diameter  for  ideal 
detonation  (d*)  is  then  a function  of  the  density. 
Below  this  d*  constant  velocity  detonation  (termed 
nonidcal)  will  still  event,  at  progressively  lesser  vecol- 
ities,  until  the  critical  diameter  (dc)  is  reached.  Be- 
low dc  the  detonation  decays  and/or  does  not  event. 
In  general,  this  nonideal  detonation  velocity  is  pro- 
portional to  the  inverse  of  the  charge  diameter  in  the 
range  dc  < d < d*.  Nonideal  detonation  is  also  a 
function  of  explosive  particle  size  and  confinement, 
and  of  course  density.  The  mechanism  of  nonideal 
detonation  is  generally  associated  with  lateral  energy 
losses  due  to  rarefaction  wave  interaction  with  the 
reaction  zone. 


Previous  work  with  pressed  granular  explosive 
charges  has  shown  that  the  resultant  density  versus 
dc  behavior  can  be  divided  into  two  contrasting 
groups.  Figure  1 illustrates  the  typical  Group  I be- 
havior for  TNT  and  most  molecular  explosives  (5). 
Figure  2 illustrates  the  typical  Group  II  behavior  for 
AP  (6).  Group  II  explosives  are  generally  composite 
fuel-oxidizer  mixtures  although  there  are  some  molec- 
ular explosives  in  this  group  also  such  as  the  AP 
illustrated  in  Fig.  2 and  hydrazine  mononitrate,  NQ, 
dinitrotoluene  and  dinitrophenol  (6).  The  inclusion 
of  NQ  in  this  group  is  uncertain;  in  later  investigations 
Price  and  Clairmont  (7)  studied  the  behavior  of  NQ 
rather  extensively,  specifically  for  density-critical 
diameter-detonation  velocity  relationships  as  func- 
tions of  bulk  density  type  (low  bulk  and  high  bulk) 
and  particle  size  and  shape.  In  the  density  range  of 
0.4  to  1 .63  g/cc  NQ  was  relegated  to  Group  I be- 


havior. However,  sub-detonation  but  supersonic  and 
constant  velocity  reaction  fronts  were  obtained  with 
NQ  at  low  densities;  e.g.,  0.4  to  1.2  g/cc.  This  pseudo- 
detonation was  termed  LVD  and  explained  in  terms 
of  an  ignition  wave  coupled  to  a shock  wave  in  such 
manner  that  the  shock  is  supported  by  the  reaction 
of  a small  fraction  of  the  explosive  at  multiple  hot 
spots. 


REF.  5 DATA)  TNT,  GRAIN  SIZE  0.07  TO  0.20MM 

Fig.  I.  Critical  diameter  decreasing  with  increas- 
ing explosive  charge  density,  typical  Group  l 
characteristic. 


REF.  7.  DATA ; AP,  AVERAGE  PARTICLE  SIZE  K*t 

Fig.  2.  Critical  diameter  decreasing  with  decreas- 
ing explosive  charge  density,  typical  Group  II 
characteristic. 
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Wc  have  conducted  extensive  experiments  in  the 
development  of  low  velocity,  low  detonation  pres- 
sure explosive  formulations.  The  approach  has  been 
to  decrease  the  explosive  density  substantially,  which 
means  well  below  bulk  density.  One  technique  was 
to  suspend  the  explosive  particles  in  an  expanded 
polyurethane  foam.  In  this  manner  we  achieved  ex- 
plosive charge  densities  to  below  0.1  g/cc  (8).  How- 
ever, because  the  explosive  particles  were  for  the 
most  part  embedded  in  the  polyurethane  the  dc  in- 
creased greatly  as  the  explosive  charge  density  de- 
creased, and  furthermore  the  explosive  loadings  had 
to  be  substantial.  Several  other  approaches  were 
taken,  one  of  the  most  successful  being  the  composite 
NQ-AP,  with  small  amounts  of  the  NQ  being  re- 
quired. The  basis  for  this  approach  was  that  both 
components  were  purported  to  be  Group  II  explo- 
sives. It  was  surmised  that  reducing  NQ  density  by 
extensive  dilution  with  AP  would  allow  detonation 
to  take  place  at  very  small  dc  and  that  the  AP  should 
supplement  the  detonative  energy  output 

There  is  not  much  information  available  on  the 
detonation  of  AP.  Figure  3 illustrates  the  dc  versus 
density  relationship  for  two  different  particle  sizes 
of  AP  as  determined  by  Andersen  and  Pesante  (9). 
Note  that  for  both  particle  sizes  the  dc  decreases 
with  decreasing  density  and  additionally  the  dc  de- 
creases with  smaller  particle  size.  In  a later  work 
Price  ct  al.  (10)  conducted  a more  extensive  investi- 
gation into  the  explosive  behavior  of  AP,  studying 
three  weight-median  particle  sizes  of  10,  25  and 
200  p,  which  corresponded  to  lowest  density  charges 
of  0.6, 0.9  and  1 .3  g/cc,  respectively.  An  interesting 
observation  of  this  work  was  that  although  the  AP 
failed  to  detonate  at  subcritical  charge  diameters,  a 
highly  luminous  and  vigorous  reaction  nevertheless 
initiated  and  persisted  for  some  time.  For  example, 
with  200  p AP  at  1 .29  g/cc  the  AP  failed  to  detonate 
at  a charge  diameter  of  7.62  cm  but  this  vigorous  re- 
action persisted  for  16  cm  down  the  length  of  the 
charge.  The  authors  stated  that  there  was  little  doubt 
from  the  experiments  conducted  that  this  fading  re- 
action is  subcritical  charges  of  AF  represented  an 
appreciable  amount  of  chemical  reaction  capable  of 
generating  high  pressures. 

Our  initial  effort  with  NQ-AP  composites  was  for 
the  purpose  of  obtaining  low  dc  of  a low  density  ex- 
plosive composition.  This  was  achieved  and  proved  to 
be  effective  for  the  requirements  intended  (1 1).  In  a 
subsequent  effort,  it  was  desired  to  obtain  high 


energy  output  from  relatively  large  charge  diameters. 
However,  direct  detonation  of  AP  would  have  re- 
sulted in  excessive  shock  energies.  Figure  4 illustrates 
the  linear  d*  versus  density  relationships  for  both  NQ 
(12)  and  AP  (9).  The  common  calculation  for  the 
detonation  pressure  is: 

P = 2.5 p D 2 kbar  (1) 

where  p = density  in  g/cc  and  D = detonation  velocity 
in  mm/psec.  As  indicated  in  Fig.  4,  the  empirical  d* 
relationships  for  NQ  and  AP  are: 
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Fig,  3.  Effect  of  particle  size  and  loading  density  on 
the  critical  diameter  of  ammonium  perchlorate. 


Fig.  4.  Ideal  detonation  velocity  (Du  a a function  of 
density  for  nitroguanidine  (NQ)  and  ammonium  per- 
chlorate (AP). 
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NQ:  Di  = 1.440  + 4.01 5p  mm/Msec  (2)  EXPERIMENTAL 


AP:  Dj  = 1.012  + 2.688p  mm/psec  (3) 


If  the  AP  at  1 .29  g/cc  would  detonate,  the  resultant 
Dj  would  be  4.48  mm/psec  corresponding  to  a deto- 
nation pressure  of  64.7  kbar.  However,  if  the  same 
density  NQ-AP  composite  would  detonate  at,  say, 

1 .5  mm/pscc  (based  on  the  NQ  component)  then  the 
detonation  pressure  should  be  no  greater  than  7.26 
kbar,  dependent  on  the  extent  and  mechanism  of  the 
AP  reaction  in  the  detonation  zone.  Thus  an  order  of 
magnitude  reduction  in  pressure  could  be  anticipated. 


We  therefore  considered  explosive  composites 
consisting  of  AP  with  small  amounts  of  NQ  added. 
Under  the  conditions  of  this  evaluation  there  would 
be  little  probability  of  initiating  detonation  of  AP. 
However,  we  anticipated  high  probability  of  achiev- 
ing detonation  of  the  very  low  density  NQ  compo- 
nent, particularly  in  small  charge  diameters  where 
other  techniques  had  failed. 


Procedure 

Figure  5 illustrates  a typical  experimental  setup. 

In  this  test  series  the  NQ-AP  composite  was  loaded 
into  Plexiglass  tubes  nominally  4 cm  diameter  by 
1 5 cm  long.  The  NQ-AP  composite  was  tamp-packed 
by  hand,  in  1 inch  increments  with  weight  checks 
throughout  to  ascertain  uniformity  in  loading.  Instru- 
mentation consisted  of:  (a)  fiber  optic  probes,  at  1 
inch  intervals,  in  conjunction  with  a photocell  light 
detector  monitor  to  measure  the  detonation  velocity 
and  (b)  a carbon  resistor  pressure  gauge  (in  most  later 
tests)  to  obtain  some  indication  of  detonation  pres- 
sure. The  technique  for  measuring  the  detonation 
velocities  was  straightforward  and  accurate.  The 
technique  for  estimating  detonation  pressures  was 
identical  to  that  described  in  our  previous  work  with 
foamed  explosives  (8)  fashioned  after  the  original 
technique  reported  by  Watson  (1 3)  and  described  by 
Ribovich  et  al  (14).  Initiation  of  the  explosive  com- 
posites was  achieved  by  using  either  1 or  2 tetryl 
pellets,  0.5  inch  diameter  by  0.5  inch  long  in  conjunc- 
tion with  a No.  6 electric  blasting  cap  (EBC).  The 


Hq.S  EBC 


TETRYL  BOOSTER 
(on*  shown) 


, FIBER  OPTIC  LIGHT- DETECTOR  PROBES 
(5  SHOWN  6 Hi  USED  AT  END  OF  TUBE 
WHEN  GAUGE  NOT  USED  ) 


r 

I ^-IN.  I.D.X2-,N.0.D. 
PLEXIGLASS  CONTAINER 


/ WOOD  HOLDER 

CARBON-RESISTOR 
PRESSURE  GAUGE 


/ POLYETHYLENE 

NQ-AP  COMPOSITE  EXPLOSIVE 


Fig.  5.  Experimental  teat  item  utilized  to  measure  detonation  velocities  and  to  estimate 
detonation  pressures  of  nitroguanidine-ammonium  perchlorate  composites. 
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tetryl  booster  was  embedded  in  the  explosive  com- 
posite as  illustrated.  One  tetryl  pellet  was  determined 
to  be  adequate  although  2 were  used  in  some  tests; 
e.g.,  tests  involving  attempts  to  initiate  detonation  in 
pure  AP  and  tests  wherein  the  NQ  component  was 
very  low. 


Experiments  were  conducted  with  NQ-AP  com- 
posites wherein  the  NQ  component  amount  ranged 
from  pure  NQ  to  less  than  1 percent  by  weight, 
with  charge  diameters  from  4 to  0.6  cm,  under  con- 
finement ranging  from  heavy  to  moderate  to  none. 
(No  confinement  refers  to  tests  using  thin-walled 
Plexiglass  to  hold  the  charge.)  The  experimental  pro- 
cedure for  tests  in  steel  tubes  and  under  other  geo- 
metric conditions  was  comparable  to  that  described 
above  and  illustrated  in  Fig.  5,  except  as  follows.  In 
the  case  of  charge  confinement  in  small  diameter  steel 
tubes,  the  booster  was  considerably  smaller,  generally 
of  the  same  diameter  as  the  NQ-AP  explosive  charge. 
Additionally,  in  these  small  diameter  charges  the 
coupling  to  the  carbon  resistor  pressure  gauge  was 
poor;  the.  resistor  size  was  physically  too  large  for  the 
small  diameters  of  the  charge.  In  some  instances  pres- 
sure records  were  obtained  independently,  utilizing 
larger  1 inch  diameter  charges  for  this  purpose. 


The  NQ-AP  composites  were  prepared  from  mil 
spec  NQ  and  AP  (15).  The  composites  were  prepared 
in  nominally  600  g batches,  placed  in  a roller  mill 
and  milled  with  10  stones  for  8 hours.  In  some 
cases,  particularly  those  involving  the  small  diameter 
charges,  a small  amount  of  Silanox.  (16)  was  added 
to  prevent  agglomeration  and  allow  free  flow  of  the 
charge  powders.  Figure  6 illustrates  a 5 percent  NQ 
in  AP  composite  powder  at  65X  magnification.  In 
this  photo  the  NQ  and  AP  particles  appear  to  be 
mostly  separated.  In  some  other  cases  we  observed 
that  the  NQ  particles  coated  the  AP  particles  ex- 
tensively. This  latter  observation  was  made  in  some 
early  tests  and  the  reason  for  such  coating  was  be- 
lieved to  be  excessive  moisture.  The  AP  is  hygro- 
scopic and  is  generally  handled  so  as  to  preclude  ex- 
cessive moisture  uptake.  There  did  not  appear  to  be 
any  variation  in  results  obtained  due  to  considerable 
moisture  uptake  or  in  the  use  of  Silanox  to  prevent 
moisture  uptake.  In  most  experiments,  particularly 
those  reported  here,  due  care  was  taken  to  prevent 
excessive  moisture  uptake. 


Results 

Table  1 gives  the  results  of  a test  series  conducted 
with  NQ-AP  composites  confined  in  0.6-cm  diameter 
steel  tubes.  In  these  experiments  the  tube  lengths 
were  about  90  cm  long  and  the  fiber  optic  probes 
were  spaced  at  about  15  cm  intervals.  The  detonation 
velocity  results  for  the  composites  are  unerringly  close 
to  the  Dj  for  the  NQ  component  density.  In  the 
case  of  the  pure  NQ,  the  results  are  more  scattered. 
The  reason  for  this  is  believed  to  be  experimental 
error;  without  the  AP,  NQ  charge  densities  at  0.30, 
0.25  and  0.19  g/cc  are  very  low  and  loading  of  such 
low  bulk  powder  was  rather  difficult.  Note  that  the 
result  with  the  greatest  deviation  from  Dj  was  that 
for  NQ  at  0.19  g/cc,  the  lowest  density  explosive 
tested.  Since  any  handling  would  be  expected  to 
compact  the  charge,  the  higher  detonation  velocity 
obtained  is  in  line  with  this  reasoning.  The  charges 
were  fired  upright,  with  the  boostei  at  the  top. 

Thus,  decrease  in  density  near  the  top  would  be  over- 
driven with  the  booster  and  would  not  necessarily  be 
averaged  out.  In  these  experiments  the  velocities 
reported  were  those  for  the  latter  portion  of  the 
tubes,  where  the  detonation  had  stabilized  and 
booster  effects  were  no  longer  present. 

Table  2 gives  the  results  of  a test  series  conducted 
with  NQ-AP  composites  in  the  test  apparatus  il- 
lustrated previously  in  Fig.  5.  The  detonation  ve- 
locity oscillograph  records  for  these  tests  are  illus- 
trated in  Fig.  7.  In  these  tests  the  overall  density 


Fig.  6.  Microscopic  examination  of  NQ-AP  com- 
posite. Example  is  5%  NQ  in  AP  at  65 X 
magnification. 
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TABLE  l 


Detonation  Velocities  of  Various  NQ-AP  Composites* 


Density,  g/cc 

%NQ 

Detonation  Velocity,  mm/Msec 

NQ 

AP 

Total 

Ideal  (12) 

Measured 

0.30 

0.00 

MEM 

100 

2.63 

2.72 

0.25 

0.00 

mum 

100 

2.45 

2.50 

0.19 

0.00 

100 

2.2b 

2.43 

0.18 

0.36 

0.54 

33 

2.16 

2.16 

0.17 

0.86 

1.03 

16 

2.12 

2.13 

0.11 

1.03 

1.14 

10 

1.88 

2.00 

0.06 

1.14 

1.20 

5 

1.68 

<2.00 

0.00 

1.31 

1.31 

0 

0.00 

0.00 

*0.6  cm  diameter  steel  confinement. 


TABLE  2 


Detonation  Velocities  of  Various  NQ-AP  Composites* 


Density,  g/cc 

j 

1 

%NQ 

Detonation  Velocity,  mm/Msec 

NQ 

AP 

Total 

Ideal  (12) 

Measured 

1.19 

5 

1.68 

2.03 

1.21 

2.5 

1.56 

1.69 

1.21 

1.25 

1.50 

1.34 

1.25 

0.625 

1.47 

1.27** 

0.000 

mm 

1.31 

0 

0.00 

0.00 

*4  cm  diameter  Plcxigluss  confinement. 

•♦unstable;  detonation  died. 

averaged  about  1 .2  g/cc.  It  can  be  reasonably  con- 
cluded that  NQ  in  the  vicinity  of  0.01  g/cc  detonated 
at  near  Dj  in  an  explosive  composite  with  about  97 
percent  AP.  Figure  8 illustrates  the  carbon  resistor 
pressure  gauge  responses  of  pure  NQ  at  0.5  g/cc  and 
several  NQ-AP  composites  tested  in  steel  tubing  of 
1 inch  nominal  diameter.  The  results  of  these  tests 
are  listed  in  Table  3,  based  on  a rough  pressure  gauge 
calibration  using  the  calculated  detonation  pressure 
for  NQ  at  0.5  g/cc  and  assuming  linearity  of  pressure 
with  reciprocal  ohms  of  the  carbon  resistor.  These 
data  are  listed  under  the  gauge  column  in  the  table. 
Under  the  NQ  column  are  listed  the  calculated  deto- 
nation pressures  based  on  the  detonation  of  the  NQ 
at  Dj,  neglecting  the  AP.  Under  the  NQ  + AP  column 
are  listed  the  calculated  detonation  pressures  based 


on  the  detonation  of  both  NQ  and  AP  at  the  Dj  for 
the  NQ  density  of  the  composite.  Although  the 
gauge  pressures  listed  are  rough  estimates  at  best, 
there  can  be  little  doubt  but  that  the  AP  is  detonating, 
evidently  at  the  Dj  of  the  NQ.  We  therefore  conclude 
that  the  detonating  NQ  imposed  a sympathetic  deto- 
nation of  the  AP  at  the  Dj  of  the  NQ.  Note  in  Fig.  8 
that  the  peak  pressures  are  realized  in  0.8  Msec  for  the 
pure  NQ,  1 .3  Msec  for  the  5 percent  NQ  in  AP,  1 .4 
Msec  for  the  2.5  percent  NQ  in  AP  and  1.6  Msec  for 
the  1 .25  percent  NQ  in  AP.  Additionally,  the  shock 
durations  are  more  than  twice  as  long  for  the  NQ- 
AP  composites  as  for  the  pure  NQ.  The  AP  energy  is 
therefore  released  in  the  detonation  zone  of  the  re- 
action although  the  reaction  zone  is  extended  some- 
what. This  is  in  accord  with  the  results  obtained  by 
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(a)  0%  NQ  in  AP,  overall  1.31  g/cc,  10  psec/cm  sweep, 
0.1  v I cm  sensitivity.  RESULT:  output  of  booster 
only- the  pure  AP  did  not  detonate. 


,b)  0. 625% NQ  in  AP,  overall  1.25  g/cc,  10  psec/cm 
sweep,  0.2  v/ctn  sensitivity.  RESULT:  booster  over 
drive  at  start -dying  detonation  estimated  1.27 


(a)  100%  NQ. 


i ■ . i 1 . 

ty1 

(c)  1.25%  NQ  in  AP,  overall  1.21  g/cc,  10  psec/cm 
sweep,  0.5  v/cm  sensitivity.  RESULT:  booster  over- 
drive at  start -sustained  detonation  at  1.34  mm/ psec. 


(b)  5%NQinAP. 


-y — y 


(d)  2.5%  NQ  in  AP,  overall  1.21  g/cc.  10  psec/cm 
sweep,  1 v/cm  sensitivity.  RESULT:  sustained 
detonation  at  1.69  mm/ psec. 


(c)  2.5%>  NQ  in  AP. 


( e )  5%  NQ  in  AP,  overall  1.19  g/cc,  10  psec/cm  sweep, 
0.5  v/cm  sensitivity.  RESULT:  sustained  detonation 
at  2.03  mm/psec. 

Fig.  7.  Detonation  velocity  measurements  of  various 
NQ-AP  composites  utilizing  fiber  optics  at  six 
stations. 


(d)  1.25%)  NQ  in  AP. 

Fig.  8.  Carbon-resistor  pressure  gauge  responses  for 
various  NQ-AP  composites  confined  in  1 inch  steel 
tubes.  All  sweeps  left  to  right;  upper  trace  is  1 psec/ 
cm  at  1 v/cm  and  lower  trace  is  2 psec /cm  at  0.5 
v/cm. 


Table  3 


Detonation  Pressures  for  Various  NQ-AP  Composites* 


Density,  g/cc 

Pressure  Gauge 

Detonation  Pressure,  kbar 

NQ 

AP 

Total 

voltmax 

ohm"1. 

min 

NQ 

NQ  + AP 

Gauge 

0.5 

0.000 

mum 

1.60 

0.031 

14.8 



14.8* 

0.060 

mmm 

1.10 

0.021 

0.4 

8.4 

10.0 

0.030 

■fell 

1.21 

1.00 

0.019 

0.2 

7.4 

9.1 

0.015 

m 

1.21 

0.85 

0.016 

0.1 

6.8 

7.6 

•The  gauge  pressures  were  based  on  the  pure  NQ  gauge  response,  assuming  linearity  of  pressure  with  reciprocal  ohms  of  the 

carbon  resistor  gauge. 


Finger  et  al.  (17)  in  their  studies  of  explosive  com- 
posites involving  perchlorates  and  other  materials 

DISCUSSION 

The  data  presented  here  indicate  that:  (a)  small 
amounts  of  NQ  in  AP  will  cause  such  explosive  com- 
posite to  detonate  at  or  near  the  Dj  of  the  NQ 
based  on  the  actual  NQ  density  in  the  composite  and 
(b)  the  AP  component  will  also  detonate,  at  the  same 
velocity,  in  a sympathetic  detonation  mechanism. 

This  has  been  demonstrated  in  this  work,  within  the 
constraints  of  the  experimental  conditions  utilized, 
for  the  NQ-AP  composite.  The  reason  these  compo- 
nents were  selected  was  because  both  were  purported 
to  have  a decreasing  dc  with  decreasing  density.  The 
need  of  this  for  the  NQ  is  probably  real.  The  need  of 
this  for  the  AP,  or  other  insensitive  explosive  ma- 
terial, is  unknown.  In  addition,  it  is  highly  probable 
that  similar  effects  can  be  achieved  with  other  com- 
binations of  explosives;  e.g.,  NQ  and  ammonium 
nitrate,  dinitrotoluene  and  AP,  etc. 

Table  4 gives  the  results  of  microscopic  exami- 
nation of  some  NQ-AP  composites  tested.  Results  of 
some  exploratory  tests  not  reported  here  indicated 
that  with  substantially  decreased  AP  particle  size 
and/or  AP  density,  increased  detonation  velocities 
would  event  independent  of  the  NQ.  This  was  to  be 
expected  as  we  were  entering  the  nonideal  detona- 
tion region  of  AP.  From  the  relatively  few  and  di- 
verse experiments  conducted  with  NQ-AP  composites 
containing  a fuel  also,  such  as  ethyl  cellulose,  and/or 
very  small  AP  particle  sizes  it  was  evident  that  no 
simple  treatment  could  be  anticipated  and  that  the 


TABLE  4 


Particle  Size  Analysis  of  Some  NQ-AP  Composites 


Sample 

NQ,  p (mode)* 

AP,  p (mode)* 

5.000  %NQ 

55 

110 

2.500  % NQ 

46 

110 

1.250  %NQ 

50 

115 

0.625'%  NQ 

42 

100 

•Because  the  NQ  particles  are  needles  and  the  AP  particles 
are  clumps,  these  particle  sizes  must  not  be  confused  with 
particle  mass-the  particle  mass  of  the  AP  was  about  1 00 
times  as  great  as  the  NQ. 

resultant  detonation  reactions  were  quite  complex. 
However,  in  all  of  these  composite  exploratory  tests 
containing  NQ  and  which  detonated,  the  resultant 
detonation  velocity  was  always  about  Dj  for  the  NQ 
actual  density  or  higher.  Thus  it  would  appear  that 
in  NQ-AP  composites  wherein  the  AP  itself  was  non- 
detonable  due  to  subcritical  diameter,  large  particle 
size  or  high  density;  or  had  nonideal  detonation  ve- 
locity lower  than  the  Dj  of  the  NQ  present;  then  the 
NQ  would  induce  sympathetic  detonation  at  Dj  of  the 
NQ  in.  the  AP.  On  the  other  hand,  if  the  AP  condi- 
tions were  such  that  a higher  nonideal  detonation 
velocity  would  take  place  in  the  AP  than  the  Dj  of 
the  NQ,  the  NQ-AP  would  detonate  at  the  higher 
nonideal  detonation  velocity.  However,  at  this  point 
there  is  no  basis  for  determining  whether  or  not, 
under  critical  conditions  of  nonideal  AP  detonation 
and  near  ideal  NQ  detonation,  the  overall  mechanisms 
were  acting  independently  or  if  synergistic  effects 


% 
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were  taking  place.  Finally,  it  is  not  known  whether 
or  not  the  highly  luminous  and  vigorous  reaction  in- 
duced in  nondetonablc  AP  charges,  as  reported  by 
Price  et  al,  (10)  and  discussed  previously,  was  re- 
sponsible for  the  propagation  of  this  sympathetic 
detonation  in  AP.  If  that  would  be  the  case,  then 
AP  composites  would  be  unique. 

In  the  experiments  conducted  in  steel  tubes,  the 
NQ-AP  composites  detonated  at  velocities  that  cor- 
responded to  the  Dj  of  the  NQ  component.  Note  in 
Table  1 that  the  AP  component,  at  0,  0.36,  0.86  and 
1 .03  g/cc  did  not  appear  to  alter  the  detonation 
velocity.  At  this  small  diameter  the  AP  by  itself 
would  not  detonate,  which  was  confirmed  by  the  last 
test  in  Table  1 . At  the  other  extreme,  in  experiments, 
conducted  in  Plexiglass,  the  NQ-AP  composites  again 
detonated  at  velocities  that  corresponded  closely  to 
the  Dj  of  the  NQ  component.  In  these  experiments 
the  explosive  diameters  were  about  4 cm,  which  is  in 
the  range  of  dc  for  AP  of  fine  particle  size  and/or 
under  heavy  confinement.  In  several  experiments 
under  very  heavy  steel  confinement  and  in  an  iso- 
choric  bomb  experiment  (18)  there  was  some  indica- 
tion that  the  detonation  velocity  increased  slightly; 
from  1 .34  mm/qsec  in  Plexiglass  to  possibly  as  high 
as  1 .57  mm//rsec  in  1 inch  wall  thickness  steel  tubing. 
In  this  latter  test  the  detonation  velocity  was  esti- 
mated from  the  time  between  the  booster  detonation 
(ion  probe)  to  the  response  of  the  carbon  resistor 
pressure  gauge-thus  the  effect  of  booster  overdrive 
could  not  be  eliminated  and  may  have  contributed  to 
the  higher  indicated  detonation  velocity.  The  re- 
sponse of  the  carbon  resistor  pressure  gauge  was  al- 
most identical  to  that  listed  in  Table  3 for  the  com- 
parable NQ-AP  composite;  i.e.,  1 .25  percent  NQ. 
However,  the  possibility  of  initiation  of  nonideal 
detonation  of  the  AP  directly  cannot  be  discounted. 

There  can  be  no  doubt,  though,  that  this  NQ-AP 
composite  and  probably  numerous  other  combinations 
of  explosives  can  prove  to  be  most  interesting  explo- 
sive composites  that  could  lead  to  a whole  new  class 
of  “tailored"  explosive  compositions.  For  example, 
not  only  AP  but  ammonium  nitrate  and  other 
“insensitive”  explosive  materials,  that  presently 
either  deflagrate  at  rates  below  1 m/sec  or  detonate 
high  order,  could  be  sensitized  with  a “control”  ex- 
plosive of  less  than  1 percent  to  achieve  very  rapid, 
low  velocity  detonation  in  the  latter,  particularly  of 
small  charges.  The  trend  appears  to  be  correct;  the 
insensitive  explosives  such  as  AP  are  Group  II  ex- 


plosives, so  that  very  heavy  loading  leads  to  non- 
detonability.  On  the  other  hand,  the  sensitive  com- 
ponents, NQ  here  and  nitroglycerine  in  Cook’s  (19) 
work  with  ammonium  nitrate,  appear  to  also  behave 
as  Group  II  explosives  but  are  utilized  at  the  other 
extreme;  i.e.,  at  very  low  density  to  enhance  their 
detonability,  possibly  at  Dj. 

In  conclusion,  we  have  shown  that  it  is  feasible  to 
induce  a sympathetic  detonation  in  AP  with  amounts 
of  NQ  less  than  1 percent.  The  detonation  velocity 
is  determined  by  the  density  of  the  NQ  present.  The 
sympathetic  detonation  of  the  AP  is  of  course  non- 
ideal and  it  is  not  known  to  what  extent  the  AP  deto- 
nates, However,  from  the  detonation  pressures  esti- 
mated and  from  the  obvious  work  output  from  these 
NQ-AP  composites  it  appears  that  the  full  energy  of 
the  AP  is  released  in  the  detonation  reaction. 
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FURTHER  STUDIES  ON  THE  DETONATION  CHARACTERISTICS 
OF  VERY  LOW  DENSITY  EXPLOSIVE  SYSTEMS 


Allen  J.  Tulls  and  James  L.  A listing 
I1T  Research  Institute 
Chicago,  Illinois  60616 


A technique  has  been  developed  in  which  inert  witness  foams  in  contact  with  a 
detonating  foamed  explosive  charge  are  utilized  to  measure  the  detonation  state  of 
the  explosive.  The  witness  foams  contain  a tungstic  oxide  additive  to  control  the 
overall  density  and  make  the  foam  clearly  visible  in  flash  x-ray,  which  is  focused  on 
the  interface  between  the  explosive  and  witness  foam.  The  particle  velocity  of  the 
interface,  is  monitored  by  recording  the  displacement  of  the  interface.  The  pressure 
behind  the  shock  wave  in  tlte  witness  foam  is  calculated  from  the  expression  for 
conservation  of  momentum.  The  pressure-particle  velocity  point  that  is  obtained 
represents  both  one  point  on  the  Hugoniot  of  the  witness  foam  and  one  point  of  the 
cross-curve  of  the  explosive  reaction  products.  By  conducting  several  such  experi- 
ments in  which  the  impedance  of  the  witness  foam  is  varied,  the  cross-curve  of  the 
explosive  reaction  products  can  be  traced.  The  detonation  state  is  represented  by  the 
intersection  of  this  curve  with  a line  whose  slope  is  the  impedance  of  the  explosive. 
Preliminary  results  for  foamed  PETN  at  explosive  densities  of  0.09  and  0.11  g/cc  indi- 
cate that  the  detonation  pressure  is  on  the  other  of  0.5  kilobar,  which  is  encouraging 
for  applications  requiring  low-performance  explosives. 


INTRODUCTION 

The  work  discussed  in  this  paper  represents  a con- 
tinuation of  the  effort  reported  by  Austing  fit  al.  at 
the  Fifth  Symposium  (International)  on  Detonation 
(1).  In  that  effort  the  authors  measured  the  detona- 
tion state  of  very  low  density  explosive  systems,  de- 
fined as  having  explosive  loading  densities  below  0.25 
g/cc.  Such  values  are  considerably  below  the  mini- 
mum densities  that  can  be  obtained  with  pure 
powdered  explosives.  These  low  densities  were  ob- 
tained by  utilizing  polyurethane  foams  in  which  the 
explosive  was  dispersed  throughout  the  given  volume 
so  as  to  yield  a very  low  apparent  explosive  density 
Foamed  PETN  and  foamed  nitrocellulose/ 
nitroglycerine  were  studied  extensively,  and  some 
work  was  performed  on  a commercial  expanded 
nitrocellulose  product.  Detonation  stability  was 
studied  and  an  attempt  was  made  to  measure 


the  detonation  pressure  of  the  explosives.  Sufficient 
reliable  detonation  velocity  data  were  obtained  to 
establish  the  lowest  densities  at  which  stable  detona- 
tion would  occur.  However,  the  detonation  pressure 
measurements  were  not  satisfactory,  and  in  some 
instances  produced  results  that  had  no  physical 
significance. 

Measurement  of  detonation  pressure  usually 
requires  that  the  response  of  a witness  material  in 
contact  with  the  explosive  be  recorded  at  the  time 
the  detonation  wave  arrives  at  the  interface  and  drives 
a shock  wave  into  the  witness  material.  The  witness 
material,  be  it  water  in  an  aquarium  technique  or  a 
carbon  resistor  mounted  in  a polystyrene  cylinder, 
must  be  calibrated  from  the  available  Hugoniot  data. 
The  detonation  pressure  is  then  generally  calculated 
from  the  impedance  mismatch  equation.  Most 
accurate  results  are  obtained  when  the  detonation 
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impedance  (p0  D)  of  the  explosive  is  about  equal  to 
the  shock  impedance  (p0  U)  of  the  witness  material. 

In  evaluating  common  military  explosives,  this  latter 
requirement  is  easily  met.  However,  in  the  evalua- 
tion of  the  foamed  explosives  in  Ref  1 wherein  the 
carbon  resistor  pressure  gage  was  utilized,  the  two 
impedances  were  vastly  different  from  each  other, 
simply  because  of  the  large  density  difference  that 
existed  between  the  explosive  and  the  witness.  Hence, 
for  foamed  explosives  very  poor  results  were  obtained. 
The  major  effort  in  the  present  work,  threfore,  was  to 
develop  a reliable  way  to  measure  the  detonation 
state  of  very  low  density  explosives.  Initially  it 
appeared  that  direct  measurement  of  the  particle 
velocity  of  the  explosive  by  observing  the  motion 
of  thin  metal  foils  embedded  in  the  charge  would 
provide  reliable  data.  However,  tills  method  failed 
when  applied  to  low  density  foamed  explosives. 

Hence  an  alternative  technique  h.vj  to  be  developed. 
This  technique  made  use  of  inert  witness  foams  in 
contact  with  the  explosive  charge.  Successful  pre- 
liminary measurements  were  made  for  foamed  PETN, 
However,  a greater  number  of  experiments  are  needed 
in  order  to  substantiate  the  efficacy  of  this  technique, 
One  definite  attribute  of  this  technique  is  that  prior 
calibration  of  the  witness  foam  is  not  necessary. 


EXPERIMENTAL 
Charge  Preparation 

The  essential  details  in  the  preparation  of  foamed 
explosives  utilizing  polyurethane  foams  are  available 
in  Ref.  1.  Briefly,  polyurethane  foams  are  produced 
by  the  exothermic  reaction  between  a polyol  and  an 
isocyanate  which  crosslink  and,  under  influence  of  a 
blowing  agent,  expand  to  produce  a cellular  structure 
with  a possible  density  range  from  below  0.02  to 
about  1.12  g/cc.  To  prepare  a foamed  explosive 
charge  then,  the  required  quantities  of  explosive, 
polyol,  and  isocyanate  were  quickly  mixed  in  a dis- 
posable beaker  and  then  poured  into  the  confining 
tube,  in  which  the  foaming  subsequently  occurred. 
After  foaming  had  ceased  and  the  form  had  cured, 
excess  material  that  had  foamed  out  of  the  tube  was 
evenly  removed  from  the  ends  of  the  tube.  The 
density  of  the  explosive  and  foam  was  calculated 
from  the  weight  of  materials  remaining  in  the  tube 
and  the  known  internal  volume  of  the  tube,  under  the 
assumption  that  all  ingredients  were  evenly  distributed 


and  that  no  reaction  had  occurred  between  the  ex- 
plosive and  foaming  agents. 

For  the  charges  in  the  present  work,  a premixed 
polyurethane  system,  Isonatc  CPR  323*,  was  utilized. 
This  system  foams  to  a predetermined  density  of 
0.07  g/cc  when  the  two  components  are  combined  and 
contains  Freon  to  serve  as  the  blowing  agent,  catalysts 
to  promote  the  foaming  action  at  the  proper  rate, 
and  surfactants  to  control  the  size  of  the  cells.  Since 
this  system  had  the  advantage  that  it  permitted  evalua- 
tion of  the  effects  of  type  of  explosive  and  explosive 
loading  without  variation  in  the  properties  of  the 
foam,  its  use  for  the  foaming  of  the  required  charges 
was  desirable. 

Although  foamed  PETN  had  been  evaluated 
extensively  previously  (1),  charges  had  not  been  pre- 
pared utilizing  the  CPR  foaming  system.  Hence  the 
initial  effort  here  was  to  generate  foaming  data  for 
10-12  micron  PETN**  foamed  with  the  CPR  poly- 
urethane. The  results  are  presented  in  Fig.  1 . The 
quoted  particle  size  of  the  PETN  is  probably  a calcu- 
ia>eci  average  aiue  because  miroscopic  examination 
revealed  crystals  5-10  microns  in  diameter  by  20-50 


Fig.  1.  Design  Curve  for  Preparation  of  Foamed 
PETN  Utilizing  10-12  Micron  PETN  and  Isonate  CPR 
323. 


*CPR  Division,  The  Upjohn  Company,  Torrance, 
California  90503. 

•‘Hercules,  Inc.,  Wilmington,  Delaware. 
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microns  long.  The  points  in  the  figure  are  taken  from 
actual  foamings;  thus,  the  curve  represents  a design 
curve  for  proper  selection  of  the  weight  of  foaming 
agents  required  to  acltieve  a final  explosive  density. 

Continuous  Probe 

In  the  work  discussed  in  Ref.  1 , ion  probes  inserted 
at  intervals  in  the  charge  were  utilized  to  measure 
detonation  velocity.  Although  it  was  not  specifi- 
cally discussed  in  that  paper,  these  probes  did  not 
always  perform  satisfactorily,  especially  for  the  very 
low  density  foamed  explosive  systems.  Hence,  for 
the  present  work,  a continuous  probe  modeled  after 
the  type  lib  probe  (2)  was  utilized.  This  probe 
consists  of  0.508  mm  O.D.  soft  aluminum  tubing 
with  a 0.0508  mm  wall;  on  the  inside  of  the  tubing  is  a 
0.0508  mm  Tophct-C  resistance  wire  that  is  insulated 
from  the  tube  by  a skip-winding  of  nylon  threads*. 

The  probe  functions  by  means  of  the  pressure  of  the 
detonation  continually  collapsing  the  tube  onto  the 
wire,  thereby  progressively  shorting  out  the  probe. 

The  change  in  voltage  drop  across  the  probe  is  directly 
related  to  the  probe  resistance,  which  in  turn  is  a 
function  of  the  effective  length  of  undisturbed 
probe.  This  voltage  drop  can  be  recorded  on  oscil- 
loscopes or  magnetic  tape  and  provides  a continuous 
distance-time  record  of  the  advancing  detonation, 
from  which  detonation  velocity  may  be  computed  as 
a function  of  distance  and  time. 

Best  and  most  easily  interpreted  results  are  ob- 
tained if  the  current  through  the  probe  is  unaffeetd 
by  the  change  in  probe  resistance.  This  is  accom- 
plished by  utilizing  a power  supply  that  provides  a 
constant  current  regardless  of  the  laod  (3).  This 
type  of  power  supply  was  utilized  in  this  work. 

Measurement  of  Chaptman-Jou^uet  Conditions 

Each  of  the  charges  that  were  fired  in  the  previous 
work  (1)  included  a carbon  resistor  pressure  gage  for 
measurement  of  the  Chapman -Jouguet  (CJ)  pressure, 
Although  the  gage  pressures  correlated  with  the  explo- 
sive densities,  in  the  case  of  the  foamed  explosives 
calculation  of  the  CJ  parameters  by  utilizing  the 
impedance  mismatch  equation  yielded  results  that 
had  no  physical  significance.  Hence,  the  objective 
in  this  work  was  to  measure  the  CJ  conditions  for 


foamed  explosives  by  means  of  a radically  different 
method.  The  most  obvious  method  was  to  study  the 
motion  of  foils  embedded  in  the  charge;  this  will  be 
referred  to  as  the  foil  motion  technique.  However, 
because  this  method  did  not  work  for  the  foamed 
explosives,  an  alternative  method  was  developed;  this 
will  be  referred  to  as  the  witness  foam  technique. 

• foil  motion  technique 

The  foil  motion  technique  permits  direct  meas- 
urement of  the  particle  velocity  behind  a detonation 
wave,  from  which  the  pressure  and  density  can  be  cal- 
culated utilizing  the  conservation  equations.  A 
version  of  this  technique  is  described  by  Rivard  et  al. 
(4).  One  or  more  very  thin  metal  foils  that  are  opaque 
to  flash  x-ray  are  embedded  in  an  explosive  charge 
perpendicular  to  the  direction  of  detonation  propaga- 
tion. The  flash  x-ray  views  the  charge  perpendicular 
to  the  detonation  travel,  and  hence  the  foils  appear  as 
very  thin  reference  lines  on  the  Hash  radiograph  film. 
The  foils  are  swept  into  motion  at  the  local  particle 
velocity  by  the  advancing  detonation.  By  properly 
sequencing  the  flash  x-ray,  the  displacement  of  each 
foil  can  be  recorded  over  a given  time  interval,  from 
which  the  particle  velocity  can  be  computed.  The 
success  of  the  method  requires  that  the  explosive  on 
the  downstream  side  of  each  foil  be  shock-initiated  to 
stable  detonation  in  a time  interval  shorter  than  can 
be  resolved  in  the  time  frame  of  the  experiment.  For 
the  high  density  charges  and  thin  foils  utilized  by 
Rivard  et  al.,  this  readily  occurred. 

Figure  2 shows  the  experimental  arrangement  that 
we  utilized  to  verify  the  applicaolility  of  the  foil 
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*Kemgan-I.awii  Manufacturing  Co.,  Chicago,  1 thorns. 
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Fig.  2.  Foil  Motion  Technique  for  Measurement  of 
Particle  Velocity  in  Detonating  Low  Density 
Explosives. 


motion  technique  to  very  low  density  explosives.  For 
the  nitroguanidine,  the  method  yielded  excellent 
results.  The  ion  probe  was  positioned  against  the 
upstream  side  of  the  foil,  which  in  turn  was  preposi- 
tioned in  the  polymethyl  methacrylate  (PMMA)  tube. 
Weighed  quantities  of  nitroguanidine  were  then 
loaded  ot  the  specified  density  from  each  end  of  the 
tube.  The  advancing  detonation  triggered  the  flash 
x-ray*  which  then  flashed  3.9  /rsec  later.  As  shown 
in  Fig.  3,  the  foil  was  displaced  4.8  mm  in  this  time, 
which  is  equivalent  to  a particle  velocity  of  1 .2  mm/ 
Msec.  Other  pertinent  data  for  this  test,  No.  156,  are 
summarized  in  Table  1 .**  All  evidence  had  indicated 
that  the  most  critical  aspect  of  instantaneous  shock- 
initiation  of  the  downstream  nitroguanidine  had  been 
achieved. 

Table  1 also  presents  the  results  when  the  foil 
motion  techniaue  was  applied  to  the  study  of  detona- 
ting foamed  PETN.  The  experimental  arrangement 
was  similar  to  that  depicted  previously  in  Fig.  2,  with 
the  inclusion  of  the  continuous  probe  positioned  at 
the  axis  of  the  charge  for  measurement  of  detonation 
veolicty.  As  shown  in  the  table,  no  particle  velocities 
were  obtained  because  the  foil  evidently  prevented 


DETONATION  ...  _ 

PROPAGATION 


J L POX  DISPLACEMENT 

* * ■ 4.f  mm 

Fig,  3.  Flash  Radiograph  Showing  Displacement  of 
Foil  in  Low-Density  Nitroguanidine. 


♦Fcxitron  Model  515,  300-Kv. 

**  Detonation  velocity  was  recorded  with  othei  Ion  probes 
that  are  not  shown  in  Fig.  2. 


reinitiation  and  propagation  of  the  detonation  on  the 
downstream  side  of  the  foil.  The  flash  x-ray  films 
revealed  that  the  foil  had  not  been  displaced  by  the 
foamed  PETN  detonation.  A complicating  feature  of 
this  technique  as  applied  to  foamed  explosive  was  in 
loading  of  the  device.  Both  the  brass  foil  and  the 
continuous  probe  were  very  fragile.  The  explosive 
had  to  be  foamed  carefully  from  both  ends,  and  this 
may  have  introduced  inhomogeniety  at  the  interface 
with  the  brass  foil.  An  alternative  procedure  would 
have  been  to  foam  a compelete  charge,  saw  the  cured 
charge  in  half,  and  then  insert  the  brass  foil.  However, 
sawing  these  charges  was  considered  to  be  hazardous 
and  would  have  precluded  use  of  the  continuous 
probe. 


• witness  foam  technique 

The  witness  foam  technique  is  a method  whereby 
inert  foamed  materials  in  contact  with  the  detonating 
foamed  explosive  are  utilized  to  measure  the  detona- 
tion properties  of  the  explosive.  In  this  respect,  this 
technique  is  similar  to  methods  developed  for  evalua- 
tion of  condensed  explosives.  However,  the  witness 
foam  technique  as  employed  in  the  present  work  pre- 
cludes the  necessity  of  prior  calibration  of  the  witness 
material. 

The  experimental  arrangement  for  the  witness 
foam  technique  is  depicted  in  Fig.  4.  The  witness 
foam  is  made  from  the  Isonate  CPR  323,  with  an 
additive  of  tungstic  oxide  to  adjust  the  density  and  to 
make  the  foam  clearly  visible  in  flash  x-ray.  The  flash 
x-ray  is  focused  on  the  interface  between  the  foamed 
explosive  and  the  witness  foam.  The  detonation 
velocity  in  the  explosive  and  the  shock  velocity  in 
the  witness  foam  are  monitored  by  the  continuous 
probe.  The  particle  velocity  in  the  witness  foam, 
which  is  equal  to  the  particle  velocity  of  the  inter- 
face, is  monitored  by  recording  the  displacement  of 
the  interface  with  the  flash  x-ray.  The  flash  x-ray  is 
triggered  by  the  pressure  contact  probe  at  the  inter- 
face, and  is  delayed  for  a specified  time  interval  of 
approximately  15  puc.  A typical  radiograph  showing 
the  displacement  of  the  interface  is  presented  in  Tig. 
5.  The  displacement  of  4.1  mm  in  14.8  Msec  corres- 
ponds to  a calculated  particle  velocity  of  0.28  mm/ 
Msec.  The  two  dark  objects  in  each  picture  are  hard- 
ware associated  with  construction  of  the  continuous 
and  pressure  contact  probes,  and  have  no  significance 
in  interpreting  the  records. 
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TABLE  1 


Foil-Motion  Method  for  Measurement  of  Chapman-J ouguet  Conditions  In  Low-Density  Explosives * 


Test 

No. 

Charge  Density,  g/cc 

Detonation 

Particle 

CJ 

System 

Explosive 

Foam 

Velocity 

mm/psec 

Velocity 

mm/pstc 

Pressure, 

Kilobars 

Nitroguanidine 

mm 

1— 

— 

2.7 

1.2 

6.3 

Foamed  PETN 

WBM 

.16 

0.8 

No  record 

- 

Foamed  PETN 

163 

■i 

0.15 

1.0 

No  record 

- 

♦Experimental  arrangement  is  depicted  in  Figure  2. 
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Fig.  4.  Witness  Foam  Technique  for  Measurement  of 
Chapman-J  ouguet  Parameters  in  Detonating  Foamed 
Explosives. 


The  pressure  behind  the  shock  wave  induced  in 
the  witness  foam  can  now  be  calculated  from  the 
equation  for  conservation  of  momentum: 


Pi  = P0Uu,  (1) 


OfTONAT  ION 
PROPAGATION 


where: 

Pj  = the  shock  pressure 
p0  = the  initial  density 
U = the  shock  velocity 
uj  = the  particle  velocity 

This  pressure-particle  velocity  point  represents  both 
one  point  on  the  Hugoniot  of  the  witness  foam  and 
one  point  on  the  cross-curve  of  the  explosive  reaction 
products,  from  the  requirement  that  pressure  and  par- 
ticle velocity  are  continuous  across  an  interface. 


Fig.  5.  Flash  Radiograph  Showing  Displacement  of 
Explosive-Witness  Foam  Interface  for  Foamed  PETN 
Charge.  Test  No.  166  Result. 

For  a given  explosive  system,  at  least  three  such 
experiments  should  be  conducted  in  which  the  shock 
impedance  {pQ  U)  of  the  witness  foam  is  varied. 

From  the  results  of  these  experiments,  the  cross-curve 
of  the  explosive  products  can  be  traced,  and  the  CJ 
state  is  represented  by  the  intersection  of  th!«  curve 
with  a line  whose  slope  is  the  product  of  density  and 
detonation  velocity  of  the  explosive. 
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The  construction  of  the  pressure  contact  probe 
indicated  in  Fig.  4 is  identical  to  that  of  the  contin- 
uous probe  described  earlier,  with  the  exception  that 
initially  only  a voltage  potential  exists  in  the  open 
circuit.  The  flash  x-ray,  then,  is  triggered  by  the  first 
flow  of  current,  as  the  probe  is  crushed  by  the  pres- 
sure of  the  detonating  foamed  explosive.  The  pres- 
sure contact  probe  served  as  an  alternative  to  the  use 
of  ion  probes,  which  in  previous  work  did  not  per- » 
form  well  with  foamed  explosives. 

Figure  6 shows  a design  curve  for  the  preparation 
of  the  witness  foams  utilized  in  this  investigation. 
The  tungstic  oxide  was  the  so-called  TO-1  grade,* 
which  has  a quoted  particle  size  of  3 microns  maxi- 
mum. 

Results  for  Foamed  PETN 

A total  of  six  charges  are  required  for  the  evalua- 
tion of  foamed  PETN  at  two  explosive  densities,  viz. 
0.1 1 and  0.09  g/cc,  respectively.  The  experimental 
data  for  two  of  these  experiments  arc  summarized  in 
Table  2,  i.e.,  Tests  166  and  168.  Time  thus  far  has 
permitted  only  these  two  charges  to  be  fired,  but  as 
shown  in  the  following  discussion  the  data  that  were 
obtained  permitted  an  approximate  estimate  of  the 
CJ  conditions  for  foamed  PETN  at  these  two  densi- 
ties. Thus,  although  the  validity  of  the  experimental 


•Sylvania  Electric  Products  Corporation,  Towanda, 
Pennsylvania. 


method  has  been  demonstrated,  the  remaining  four 
tests  in  the  table  should  be  conducted  in  order  to 
completely  characterize  each  explosive  system. 

The  data  for  Test  Nos.  166  and  i 68  are  plotted  in 
the  pressure-particle  velocity  plane  in  Figs.  7 and  8, 
respectively.  Since  data  from  the  other  experiments 
presented  in  Table  2 are  not  as  yet  available,  the  exact 
locus  of  the  cross-curves  are  not  known,  and  the  CJ 
states  must  be  calculated  as  follows.  It  is  observed 
that  in  both  figures  the  impedance  of  the  witness 
foam  was  less  than  that  of  the  explosive.  Hence,  a 
rarefaction  was  reflected  back  into  the  explosive  pro- 
ducts from  the  explosive-witness  foam  interface,  and 
Deal’s  equation  (5)  which  expresses  the  reflected 
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TOTAL  TUNGSTIC  O/IDE  FOAM  UF.NSlTr,  9/« 

Fig.  6.  Design  curve  far  Preparation  of  Tungstic  Oxide 
Witness  Foams  Utilizing  3-p  Tungstic  Oxide  and 
Donate  CPR  323. 


TABLE  2 


Witness  Foam  Method  for  Measurement  of  Chapman-Jouguet  Conditions  in  Foamed  PETN* 


Test 

No. 

Charge  Density,  g/cc 

Detonation 

Velocity 

mm/jisec 

Witness  Foam 

■ 

Shock  Velocity 
mm/trsec 

Particle 

Velocity 

mm/jrsec 

Pressure 

Kilobars 

Explosive 

Foam 

.. 

Total 

m 

' 1 
0.11 

0.13 

0.24 

0.93 

0.18 

0.82 

0.28 

0.41 

111 

0.09 

0.11 

0.20 

1.20 

0.19 

0.82 

0.30 

0.47 

169 

0.11 

0.13 

0.24 

0.12 

170 

0.11 

0.13 

0.24 

0.30 

171 

0.09 

0.11 

0.12 

172 

0.09 

0.11 

0.20 

0.30 

•Experimental  arrangement  is  depicted  in  Fig,  7.  10-12  micron  PETN  was  utilized  in  the  foaming. 
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Fig.  7.  Possible  Calculation  of  Chapman-Jouguet 
State  for  Foamed  PETN  at  Explosive  Density  of  0.11 
g/cc.  Numerical  Values  are  Taken  from  the  Test  Re- 
sults of  Test  No.  166. 


Fig.  8.  Possible  Calculation  of  Chapman -Jouguet 
State  for  Foamed  PETN  at  Explosive  Density  of  0.09 
g/cc.  Numerical  Values  are  Taken  frcm  the  Test 
Results  of  Test  No.  168. 


particle  velocity  as  a functio;  if  reflected  pressure 
for  the  explosive  products  isentrope  can  be  utilized: 


(2) 


where: 


ur  = the  reflected  particle  velocity 
Pr  = the  reflected  pressure 
Pcj  = the  Chapman-Jouguet  pressure 
pc  = the  initial  total  explosive  density 
D = the  detonation  velocity 


In  the  present  problem,  the  reflected  pressure  and 
particle  velocity  are  respectively  equal  to  the  pressure 
and  particle  velocity  of  the  witness  foam,  and  hence 
are  known.  The  value  of  Pcj  can  thus  be  calculated 
by  trial-by-error  from  Eq.  2.  This  has  been  done,  and 
the  results  are  indicated  in  Figs.  7 and  8.  Possible 
cross-curves  have  been  drawn.  Since  the  general  form 
of  the  cross-curve  appears  reasonable,  it  is  obvious 
that  slightly  alternative  forms  would  have  a small 
effect  on  the  magnitude  of  the  CJ  parameters. 

The  estimated  Chapman-Jouguet  conditions  for 
foamed  PETN  at  two  densities  utilizing  the  pressures 
as  calculated  above  are  summarized  in  Table  3.  The 
CJ  density  was  calculated  from  the  expression  for 
conservation  of  mass: 


Pcj 


D 

D -ur-  P° 

cj 


(3) 
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TABLE  3 


Estimated  Chapman-Jouguet  Conditions  for  Foamed  PETN 


, 

Initial  Density,  g/cc 

Detonation 

CJ 

CJ 

Particle 

Polytropic 

Explosive 

Total 

Velocity 

mm/psec 

Density, 

g/cc 

Pressure, 

Kilobars 

Velocity, 

mm/psec 

Exponent, 

7 

0.11 

0.24 

0.93 

0.32 

1 

— 

3.1 

0.09 

0.20 

1.20 

0.25 

B1 

3.8 

and  the  poly  tropic  exponent  from  the  expression 


= — - 1 (4) 

ucj 

In  these  expressions,  p0  is  understood  to  mean  the 
initial  total  explosive  system  density,  i.e.,  the  sum  of 
the  explosive  and  foam  components.  The  results  in 
Table  3 are  completely  consistent,  and  a CJ  pressure 
on  the  order  of  0.5  kilobar  is  encouraging  from  the 
standpoint  that  such  a value  is  reasonable  for  these 
explosives. 

DISCUSSION 

The  work  described  in  Ref.  1 in  part  consisted  of 
the  use  of  a polystyrene-carbon  resistor  pressure  gage 
to  estimate  the  detonation  pressure.  Although  the 
attempted  calculation  of  detonation  pressure  from 
the  measured  gage  pressures  yielded  unrealistic 
answers  for  foamed  PETN , nevertheless  the  gage 
pressures  correlated  with  the  explosive  densities 
according  to  the  following  empirical  equation : 

P = - 3.0  + 105.09  p0  - 248.06  p^  (5) 

This  pressure,  of  course,  represents  the  shock  pres- 
sure induced  in  the  polystyrene  through  a PMMA 
attenuator  that  separated  the  charge  from  the  gage. 

It  is  of  interest  to  calculate  such  a pressure  for  the 
experiments  conducted  in  the  present  work  (Table  2) 
and  from  this  an  additional  point  on  the  cross-curve 
of  the  explosive  reaction  products  can  be  obtained. 
The  results  of  this  calculation  are  presented  in  Figs. 

9 and  10;  the  cross-curve  in  each  figure  has  been 


drawn  to  pass  through  this  point  on  the  PMMA 
Hugoniot  and  through  the  CJ  point  as  determined 
in  the  previous  section. 

The  interesting  aspect  is  that  the  cross-curves  for 
foamed  PETN  rise  rather  sharply  to  the  left  of  the  CJ 
point.  The  sharpness  of  the  rise  is  unexpected  and  as 
yet  unexplainable,  but  if  real  would  account  for  the 
higher-than-expected  gage  pressures  that  were  ob- 
tained for  foamed  PETN  in  Ref.  1.  We  have  given 


Fig.  9.  Extrapolation  of  Cross-Curve  for  Foamed 
PETN  at  0. 11  g/cc  to  Higher  Pressures.  PMMA  and 
PS  are  Abbreviations  for  Poly  me  thy  l Methacrylate 
and  Polystyrene,  Respectively. 
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Fig.  10.  Extrapolation  of  Cross-Curve  for  Foamed 
PETN  at  0.09  g/cc  to  High  ter  Pressures.  PMMA  and 
PS  are  abbreviations  for  Poly  methyl  Methacrylate  and 
Polystyrene,  Respectively. 

careful  thought  to  the  validity  of  the  experimental 
technique  utilized  in  that  effort,  but  it  appears  to  be 
valid  since  this  same  technique  yielded  realistic  results 
for  the  expanded  nitrocellulose  charges.  Further  in- 
sight into  the  nature  of  cross-curve  for  foamed  PETN 
will  be  obtained  when  more  experimental  data  are 
available.  Table  2 indicates  four  such  experiments 


that  should  be  conducted;  two  of  these  would  have 
witness  foams  with  impedance  higher  than  that  of  the 
explosive.  Additional  tests  utilizing  still  higher  im- 
pedance foams  will  trace  out  the  cross  curve  in  the 
upper  regions  at  4-5  kbar. 
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This  paper  presents  experimental  results  on  determination  of  deflagration  rate  of 
compact  composite  high  explosives  and  propellants  in  a closed  vessel  at  high  pres - 
sure.  The  closed  bomb  has  been  designed  to  he  only  partially  destroyed  by  a possi- 
ble DDT  and  has  a combustion  chamber  of  100  cm1 * 3.  It  resists  at  pressure  up  to 
15  kilobars.  Computer  gives  DP/dt  and  v,  i.e.,  the  deflagration  rate  of  the  tested 
material.  Post- fire  observations  of  extinguished  grains  support  validity  of  assump- 
tion of  a uniform  regression  rate.  First  results  obtained  on  tested  material  are 
presented;  they  show  a qoasi-linear  curve  v(p)  up  to  7000  bars.  At  5 000  bars, 
for  example,  we  obtain  c egression  rate  of  530  mm/s  on  a composition  with  90% 
HMX.  These  rates  will  ,e  used  to  foresee  the  evolution  of  ignited  compact  blocks 
in  closed  vessels,  and  enable  a ranking  of  products  according  to  the  possibility  of  a 
rapid  pressure  build-up. 


INTRODUCTION 

Actual  knowledge  of  high  pressure  deflagration 
rate  of  explosive  material  would  be  useful  for 
modeling  the  beginning  of  pressure  buildup  of  com- 
pact explosives  after  an  ignition.  Previous  work  on 
closed-vessel  burning  has  allowed  us  to  determine 
mechanical  behavior  of  products  under  high  pressure 
and  to  obtain  regression  rates.  Thus,  we  designed, 
built,  and  used  a special  high-pressure  vessel  resisting 
up  to  1 5 kbars,  for  studying  high-pressure  burning  of 
compact  explosive  material. 


1.  MEASUREMENT  DEVICES 

i.l.  Description  of  the  Closed  Vessel 

The  closed  vessel  used  in  this  study  has  a design 
similar  to  those  presented  by  other  authors  (1 ,2). 


The  wiring  diagram  is  shown  in  Fig.  1.  The  volume 
of  the  combustion  chamber  is  100  cm3.  It  consists 
of  a hollow  cylinder  of  36  mm  interior  diameter  and 
140  mm  exterior  diameter.  The  gas  tightness  comes 
from  metallic  joints  and  viton  o-ring. 

One  of  the  closing  blocks  comprises  the  ignition 
electrode  and  a duct  for  the  pressure  transducer.  The 
second  closing  block  has  a valve  permitting  the  gas  to 
escape  after  the  test.  This  set  is  placed  in  a hollow 
cylinder  with  walls  60  mm  thick,  720  mm  high,  and 
450  mm  in  exterior  diameter.  This  cylinder  permits 
pressurization  and  is  also  used  as  a safety  device  in 
case  the  composition  chamber  breaks. 

1.2.  Testing  Procedure 

The  tests  have  been  made  on  parallelopiped  sam- 
ples weighting  about  40  to  55  g.  The  ignition  is  ob- 
tained by  1 g of  fine  black  powder. 


In  case  the  combustion  chamber  breaks,  the  gas  is 
expanded  in  the  space  situated  between  the  chamber 
and  the  exterior  cylinder. 

We  have  used  this  possibility  of  fast  expansion  to 
execute  extinction  tests  with  a combustion  chamber 
fragilized  so  as  to  obtain  a breaking  at  fixed  pressure. 

1.3.  Data  Capture  and  Processing  Equipment 

The  recording  of  pressure  vs  time  is  obtained  with 
piezoelectric  transducer  KISTLER  621 1,  which  per- 
mits measuring  the  pressure  up  to  8 250  bars.  Elec- 
tric charges  are  transmitted  by  an  amplifier  KISTLER 
5001  to  an  analogue  digital  converter  whose  frequency 
v/as  adjusted  on  200  ps.  The  amplitude  resolution  is 
1024  bits,  and  the  memory  records  16  000  values. 

2.  ANALYSIS 

There  are  two  kinds  of  analysis,  qualitative  and 
quantitative  by  the  determination  of  the  regression 
rate. 


Fig,  1.  Schematic  cross  section  of  the  high  pressure  , 
vessel. 


2. 1 . Qualitative  Analysis 

The  curve  P(t)  perm'  j some  assumptions  on  the 
combustion  of  the  product.  The  determination  of 
the  curve  dP/dt  = F(P)  simplifies  the  analysis.  A 
sudden  increasing  of  the  derivate  means  a cracking  of 
the  product,  a sudden  change  of  the  combustion 
running,  or  a probable  detonation. 

Another  possibility  is  the  extinction  of  the  prod- 
uct during  the  combustion.  The  form  of  the  remain- 
ing product  after  extinction  permits  analysis  the 
combustion. 

2.2.  Regression  Rate 

We  want  to  determine  the  law  of  burning  rate  of 
the  product  according  to  the  pressure.  For  that  we 
assume  the  combustion  is  linear  and  the  ignition 
perfect  (all  the  faces  are  ignited  at  the  same  time). 

To  obtain  the  regression  rate  wc  nced-dP/dt  = 
F(P/Pm) 

-form  function  of  the  tested  product 

-state  equation  of  combustion  gas 


2.2.1,  dP/dt  = F(P/Pm) 

From  the  curve  P(t)  recording,  a program  permits 
smoothing  this  function  and  obtaining  the  curve  P = 
F(Pm)  where  Pm  is  the  maximum  pressure. 


2.2.2.  Form  Function  of  the  Tested  Product 

The  assumption  of  linear  combustion  is  expressed 
by  writing  that  weight  of  burned  material  as  a func- 
tion of  burned  thickness. 

In  case  of  a parallelopiped  we  obtain 

_w  _ (a  - e)(b  - e)(c  - c) 
wD  abc 

w = weight  of  burned  propellant 
wc  = initial  weight  of  propellant 
a , b . c , ■ dimensions  of  the  block 
e : total  burned  thickness 


i 
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2.2.3.  State  Equation  of  Gas  Combustion 

The  state  equation  generally  used  in  combustion 
under  high  pressure  is  the  Noblc-Abcl  equation: 

|>(v  ~ n)  - f where  ri  is  tire  covolume  of  the  combus- 
tion gas  and  f is  the  propellant  force. 

If  we  write  this  equation  during  the  combustion 
in  a closed  vessel,  we  obtain. 


P : pressure  produced  by  the  combustion 
c : total  volume  of  the  combustion  chamber 
6 : specific  weight  of  the  product 

The  determination  of  the  parameters  f and 
t)  is  made  by  performing  some  tests  in  closed  vessels 
at  different  loading  densities.  We  used  the  equation 

Pm/A  - T/Pm  + f 

Pin  = maximum  pressure 
A = loading  density 

by  represen lating  Pm/A  vs  Pm  and  determining  the 
equation  of  the  straight  line  passing  on  tiiese  points 
we  obtain  fund  tj. 

When  we  have  these  equations  the  calculation  of 
regression  rate  is  made  by  writing 


de  dc  dw  i dP 
dt  dw  dP  dt 

v(P)  : regression  rate  function  of  pressure 
t : time 

3.  EXPERIMENTAL  RESULTS 
3.1.  Tested  Products 

For  our  study  we  made  samples  of  severul  compos- 
ite materials.  All  these  formulations  can  detonate  in 
small  diameter. 


Tested  products  arc  presented  in  Table  1 ; ull  the 
samples  were  controlled  by  X-rays  before  testing. 

3.2.  Results 

Results  are  presented  in  Table  2.  The  first  composi- 
tion was  tested  in  the  form  of  little  cubes;  then  we 
have  adopted  a new  mode  of  operation  using  a unic 
grain. 

On  the  Figs.  2 thr  mgh  6 c,i  example  of  curve 
P(t)  und  P(P/Pm)  is  presented  for  each  composition 
(test  number  A2,  U 1 , C3,  D2,  E3). 

We  present  the  values  of  force  and  covolume  ob- 
tained from  tests  on  Table  3. 

The  curves  of  regression  rate  for  the  five  compo- 
sitions are  shown  in  Fig.  7. 

in  Table  4 we  supply  the  vulues  of  rute  in  mil- 
limeters per  second  for  different  values  of  pressure. 

3.3.  Extinction  Tests 

For  the  C composition  wo  performed  two  extinc- 
tion tests.  For  that  purpose  we  used  a fragmenting 
combustion  chamber  which  was  designed  to  break  at 
a pro-determined  pressure. 

We  recovered  tire  sample  after  the  test.  In  Fig.  8 
we  show  the  state  of  the  composition  chamber  after 
breaking. 

In  Fig.  9 we  compare  samples  before  and  after 
extinction  of  the  test  C4. 

Tost  results  are  in  Tuble  5. 


DISCUSSION 

Results  show  a good  regularity  of  combustion;  no 
violent  phenomena  does  happen.  The  grain  is  not 
disaggregated;  it  resists  to  the  sudden  pressure  build 
up.  It  had  been  previously  found  at  some  point  that 
the  combustion  of  HMX  (or  RDX)  was  able  to  prop- 
agate into  the  propellant  to  considerable  depths  and 
alter  surface  (4).  However,  the  possibility  of  a disag- 
gregation of  tiie  grain  by  a cracking  combustion  has 
not  been  observed  in  our  tests,  Extinction  tests, 
nevertheless,  shew  that  the  grain  at  the  end  of  the 
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combustion  has  an  actual  surface,  slightly  larger  than 
the  paraltelopiped  geometric  one, 


A steady-state  burning  law  can  be  used  to  describe 
the  curve  v(P), 


v(P)  = aP"  . 


Corresponding  parameters  are  given  in  Table  6 and 
curves  in  log-log  presentation  arc  given  in  Fig.  10  in 
the  1 000-10  000  bars  area. 


The  exponent  n is  almost  the  same  for  compositions 
A and  B.  This  was  expected  since  both  compositions 
were  similar.  Difference  in  values  of  regression  rate 
would  need  more  experimentation  (the  sizes  of  sam- 
ples are  not  the  same,  and  dP/dt  are  very  different). 


Composition  E (CMDB)  is  quite  different  from  the 
four  other  ones;  its  pressure  exponent  decreases 
regularly. 


Comparison  With  Previous  Results 


In  Fig.  1 1 , we  compare  v(P)  obtained  on  high  ex- 
plosives with  Wachtell’s  results. 


For  the  latter,  the  results  obtained  in  strandburner 
are  represented  by  continuous  lines.  Tests  in  closed 
vessel  had  shown  that  tolite  and  hexolitc,  above  S00 
bars,  presented  an  apparent  increase  in  burning  rate 
consistent  with  an  increase  in  burning  surface  (due  to 
crazing  or  cracking);  cracking  seemed  to  be  reproducti- 
ble; the  results  of  the  closed  vessel  tests  arc  repre- 
sented by  the  dashed  lines.  Corresponding  values  of 
a and  n for  the  five  explosives  arc  given  in  Table  7. 
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TABLE  1 

Explosive  Formulation  and  Physical  Data 


Product 

Composition 

Density 

! 

i . ..  , 

Failure 
Diameter  of 
Detonation 

Size  and  Form  of  the  Grain 

A 

High  explosive 

RDX  86% 

Binder  14% 

(polybutadienc) 

1,61 

6 mm 

Small  cubes  of  10  mm 

Number  of  cubes  suitable  for  re- 
quired loading  density 

B 

High  explosive 

RDX  84% 

Binder  16% 

(polybutadicne) 

1,59 

i 

8 mm 

1 parallelopipcd  grain  24  mm  X 

24  mm 

Length  suitable  for  loading  density 

C 

High  explosive 

HMX  10% 

Binder  10% 

(polybutadiene) 

1,73 

6 mm 

1 parallelopipcd  grain  24  mm  X 

24  mm 

Length  suitable  for  loading  density 

D 

Composite  propellant 
with  HMX 

HMX  24% 

Binder  10% 

(polybutadicne) 

1,82 

I 

30  mm 

| 

1 parallelopipcd  gr  m 22  mm  X 

22  mm 

Length  suitable  for  loading  density 

E 

Composite  modified 
double  base 

Alu-AP  70% 

Double  base  30% 
binder 

1,80 

30  mm 

1 parallelopiped  grain  24  mm  X 

24  mm 

Length  suitable  for  loading  density 

TABLE  2 
Bunting  Pressure 


Products 

Test 

Number 

Volume  of 
Combustion 
Chamber 
(cm3) 

Mass  of 
Product 
(g) 

Loading 

Density 

(g/cm3) 

Pm*x 

(bar) 

p' 

‘ max 
(bar/ms) 

Observations 

A 

A1 

100 

33 

mxm 

3540 

Regular  burning 

A 

A2 

100 

47 

5660 

875 

Regular  burning 

B1 

100 

55 

0,55 

7430 

325 

Regular  burning 

B2 

93,5 

40 

0,43 

4915 

Regular  burning 

n 

B3 

93,5 

45,1 

0,48 

6280 

Regular  burning 

D 

B4 

93,5 

50,1 

0,54 

6980 

Regular  burning 

B5 

93,5 

45,1 

0,48 

5900 

Regular  burning 

B6 

93,5 

39,9 

0,43 

5100 

Regular  burning 

Cl 

100 

45,1 

0,45 

5910 

Regular  burning 

C2 

100 

50,1 

0,50 

6930 

Regular  burning 

c 

C3 

93,5 

49,9 

0,53 

7500 

450 

Regular  burning 

C4 

100 

40 

0,40 

4670* 

Regular  burning 

C5 

94 

45 

0,48 

5790* 

Regular  burning 

n 

Di 

100 

40 

0,40 

4320 

Regular  burning 

D2 

100 

50,2 

0,50 

6040 

240 

Regular  burning 

El 

93,5 

39,6 

0,42 

4220 

Regular  burning 

E 

E2 

93,5 

49,8 

0,53 

6000 

Regular  burning 

E3 

93,5 

55 

0,59 

6850 

390 

Regular  burning 

(mm/s) 


P ( bar) 

Fig.  7.  Regression  rate  in  closed  vessel. 
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Fig.  8.  Combustion  chamber  after  extinction. 


Fig.  9,  Test  C4.  Explosive  sample  before  burning  and 
after  extinction. 


TABLE  5 
Extinction  Tests 


C4  Test 

C5  Test 

Initial  size  of 
grain  in  mm 

24X24X  39,9 

24X24X44,8 

Size  after  ex- 
tinction in  mm 

6, 5X  6,5X21 

3 X 3 X 26 

Burned  thick- 

17,5; 17,5; 

2 1 ; 2 1 ; 

ness  in  mm 

18,9 

18,8 

Bursting  pres- 
sure in  bars 

4670 

5790 

Post-fire 

(See  Fig.  9) 

Parallelopipcd 

observation 

parallelopipcd 

size  is  preserved; 

size  is  very  clear 

However  one  pit 

and  visible. 

makes  a hole  of 

Some  little  pits 

2 mm  in  diam- 
eter and  1 mm 
deep  are  visible. 

2 mm 

Theoretical 
pressure  cor- 

e p 

e p 

responding  to 

17,5  4830 

21  6380 

burning 

thickness 

17,90  4920 

18,8  6260 

Aver  age 

4870 

6320 

Theoretical 
burned  thick- 
ness corre- 
sponding to 
bursting 

15,7 



14,80 

TABLE  6 

Parameters  a and  n 


a 

n 

A 

0,036 

1,17 

B 

0,019 

1,18 

C 

0,065 

1,07 

D 

0,20 

0,90 

0,14 

1,0 

(from  1 000  to  2 000  bars) 

E 

0,72 

0,79 

(from  2 000  to  3 500  bars) 

20,8 

0,38 

(from  3 500  to  5 000  bars) 

TABLE  7 

Parameters  a and  n for  High  Explosives 


Products 

a 

n 

A 

0,036 

1,17 

B 

0,19 

1,18 

C 

0,065 

1,07 

Tolite 

0,027 

1,11 

Hexolite 

0,075 

1,07 

(x  Strandbumer  <1  500  bars) 


Fig.  JO.  Regression  rate  data  in  log/log  presentation.  Fig.  1 1.  Regression  rate  curves  on  high  explosives. 
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Ranking  of  Products 

in  the  DDT  process,  the  I 000  to  10  000  bars  area 
is  in  the  low-pressure  part.  However,  it  is  useful  to 
know  if  a rapid  pressure  buildup  in  this  area  is  pos- 
sible. We  use  these  experiments  first  to  obtain  infor- 
mation on  mechanical  behavior  of  grains  of  approxi- 
mately I in.  X 1 in.  X 2 in.  Then,  thanks  to  parameters 
a,  n,  f,  and  p,  we  arc  able  to  obtain  actual  information 
on  a pressure  buildup  in  a closed  vessel. 

If  we  schematize  an  experimental  DDT  device  such 
as  this  one  (Pig.  1 2),  wc  can  calculate  (with  a slight 
extrapolation  of  regression  data) 

t = time  to  reach  a pressure  of  1 0 000  bars 

j*  = at  1 0 000  bars 
dt 

v = regression  rate  at  10  000  bars. 

Wc  have  assumed  that  the  combustion  is  linear  and 
starts  with  an  initial  pressure  of  I 000  bars. 


TABLE  8 

Provision  of  Situation  at  JO  000  Bars 


Products 

Cracking 
Pressure 
in  Closed 
Bomb 

t 

(.ns) 

dP 

dt 

(bar/ms) 

V 

(mm/s) 

A 

11.9 

2 400 

1 750 

B 

20,6 

1 440 

1 000 

C 

11.9 

2 100 

1 230 

D 

16,2 

1 590 

800 

Hcxolitc 

500 

Tolitc 

500 

This  work  was  sponsored  by  “Service  Technique  des 
Poudreset  Explo*ifs”(STPE- French  Department  of 
Defense  - Paris-). 


Values  arc  given  in  Table  8. 

Tested  material 
W //// /MU JJ. ///./. /LJ/ , 

< 


2 


p* 

ML 


Pig.  12.  Experimental  DDT  device. 
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EFFECTS  OF  CONFINEMENT  AND  INITIAL  PRESSURE  ON  THE  DEFLAGRATION 

OF  SOME  HIGH  EXPLOSIVES 


Ola  Listh 

Swedish  National  Defence  Research  Institute 
Stockholm  80,  Sweden 


Deflagration  of  various  explosives  has  been  studied  at  varying  confinements  and  ini- 
tial pressures.  Deflagration  was  initiated  by  discharging  a capacitor  through  a 
bridgewire  in  contact  with  the  explosive.  The  apparent  pressure  rise  in  the  sample 
was  recorded,  and  the  capacitor  potential  necessary  to  cause  a self-sustained  reac- 
tion could  thus  be  determined.  With  a 10-pl''  capacitor,  voltages  in  the  range  of 
200-800  V were  needed  to  cause  self-sustained  reactions  in  cast  and  pressed  Comp.B 
and  in  pressed  TNT.  The  critical  pressure  rise  in  the  explosive  was  normally  of  the 
order  of  a few  MPa,  occasionally  up  to  20  MPa.  Ignition  delay  times  ranged  from  a 
few  hundred  microseconds  to  some  milliseconds.  Increasing  confinement  and  in- 
creasing initial  pressure  favored  the  development  of  self-sustained  reactions.  Pressed 
explosives  of  low  density  were  easier  to  initiate  than  cast  explosives,  and  Comp.B 
was  easier  to  initiate  than  TNT. 


INTRODUCTION 

Deflagration  in  confined  explosives  is  an  important 
source  of  hazard,  as  it  is  the  normal  reaction  of  a sec- 
ondary explosive  accidentally  ignited  by  non-shock 
stimulus  or  by  weak  shocks.  This  process  may  in  a 
later  stage  accelerate  to  a detonation.  A deflagration 
in  an  explosive  is  often  considered  less  dangerous 
than  a detonation.  However,  considerable  damage 
can  be  caused  by  a deflagration,  especially  if  the  ex- 
plosive is  confined  so  that  the  pressure  is  not  relieved 
until  a large  part  of  the  explosive  has  been  consumed. 
Some  prematures,  for  example,  have  been  deflagra- 
tions initiated  by  imperfections  in  the  explosive 
charge  or  in  the  shell. 

The  purpose  of  this  work  was  to  study  how  con- 
finement and  initial  pressure  affect  the  possibility  of 
starting  propagating  deflagrations  in  confined  explo 
sives.  Explosives  normally  used  in  artillery  ammuni- 
tion, i.e.  Comp.B  and  TNT,  were  selected  for  this 
study.  Pressed  and  cast  charges  have  been  studied. 


The  early  formation  of  cracks  in  the  explosive  sample 
could  be  studied  in  cases  of  non-sustained  reactions. 

EXPERIMENTAL 

The  experimental  setup  consists  of  a steel  yoke,  in 
which  the  confined  charge  is  tightly  mounted.  The 
charge  is  initiated  by  discharging  a capacitor  through 
a bridgewire  in  the  center  of  the  charge.  The  reaction 
of  the  explosive  is  transmitted  as  force  to  the  yoke, 
and  the  strain  of  the  yoke  is  recorded  on  an  oscillo- 
scope. Confinement,  initial  pressure  in  the  charge, 
and  capacitor  voltage  can  be  varied. 

Steel  yoke-The  yoke  consists  of  three  parts,  the 
main  body  and  two  charge  holders  (Fig.  1).  The  yoke 
is  made  from  a rigid  steel  cylinder,  240  mm  high  and 
250  mm  in  diameter.  A cylindrical  space,  1 16  mm 
high  and  100  mm  in  diameter,  is  made  along  the  cyl- 
inder axis  in  the  center  of  the  body.  A 1 16  mm  wide 
hole  is  drilled  perpendicularly  to  the  cylinder  axis  and 
through  the  cylinder  center. 
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The  lower  charge  holder  rests  upon  a plane  hori- 
sor.tal  surface  in  the  yoke.  In  the  center  of  the  holder 
there  is  a 10  mm  deep  and  20  mm  wide  boring  to  lit 
the  end  of  the  charge.  In  the  bottom  of  the  boring  a 
hole  is  drilled  for  the  leads  to  the  bridgewire. 

The  upper  charge  holder  is  made  as  a big  screw  and 
has  the  same  boring  for  the  charge  end  as  the  lower 
holder.  A 5 mm  wide  hole  is  drilled  axially  through 
this  holder  to  a nipple  at  the  top,  which  is  connected 
to  a tube  of  pressurized  nitrogen.  Thus  a high  initial 
pressure  (presently  up  to  25  MPa)  in  the  charge  can 
be  used.  A thin  teflon  washer  is  used  as  a seal  be- 
tween the  charge  and  the  upper  holder. 

Charges  Confined  charges  were  made  by  filling 
steel  tubes  with  an  explosive  and  sealing  both  ends 
with  copper  plugs.  The  charge  was  initiated  by  a 
bridgewire.  figure  2 shows  a suction  of  such  a charge. 

The  steel  tubes  had  a length  of  HO  mm  and  an 
outer  diameter  of  20  irm.  The  inner  diameter  was 
14,  15,  16,  or  17  mm,  implying  wall  thicknesses  of 
1 .5  to  3.0  mm.  The  tubes  used  were  made  from 
cold-drawn  steel  (SIS  No.  1 232)  containing  0.1 8% 
carbon.  The  tubes  with  1 .5  mm  wall  thickness  are 
supposed  to  stand  an  internal  pressure  of  30  MPa,  and 


CHARGE  HOLDER  GAS  INLET  TEFLON  SEAL 


CHARGE  HOLDER  YOKE  STRAIN  GAGE  CHARGE 


Fig.  1,  Steel  yoke. 


tubes  with  3.0  mm  walls  60  MPa.  The  inside  of  the 
tubes  was  sand-blasted  to  improve  adherence  of  the 
explosive  to  the  walls. 

The  tube  ends  were  sealed  with  1 5 mm  long  cop- 
per plugs  (SIS  No.  5010).  One  of  the  plugs  had  a gas 
inlet,  and  the  other  had  an  inlet  for  the  leads  to  the 
bridgewire.  The  end  plugs  were  made  to  fit  accu- 
rately in  the  tube.  To  make  a good  seal  the  plugs 
were  glued  into  the  tube  with  Araldite.  When  the  ex- 
plosive is  initiated  the  glue  seal  breaks,  and  the  end 
plugs  act  as  pistons  that  transmit  the  pressure  caused 
by  the  deflagration  to  the  steel  yoke, 

The  bridgewire  used  was  the  same  as  in  commer- 
cial electric  detonators  and  had  a resistance  of  ap- 
proximately 0.18  ohm.  The  bridgewire,  which  was 
about  1 mm  long  and  had  a diameter  of  0.1  nun,  was 
for  cast  explosives  placed  in  the  middle  of  the  charge. 
For  pressed  explosives  the  bridgewire  had  to  be 
placed  as  near  the  bottom  as  possible  to  allow  uni- 
form density  of  the  charge  when  pressing. 

Circuitry  The  firing  circuit  is  a simple  capacitor 
discharge  circuit  with  a mercury  switch  (Fig.  3).  The 
capacitance  is  10  microfarads  (>.  10%),  the  bridgewire 
resistance  is  0.18  ohm,  and  the  circuit  resistance  is 
0.18  ohm.  The  nominal  time  constant  is  thus  about 
4 microseconds.  The  circuit  inductance  has  not  been 
measured  but  is  believed  to  be  some  microhenries. 
Ihc  energy  delivered  by  the  capacitor  is  assumed  to 
be  equal  to  0.5  CV2 , where  (’  is  the  capacitance  and 
V is  a variable  voltage.  Figure  4 shows  the  voltage 
over  the  bridgewire  as  a function  of  time. 

Force  recordings --The  force  exerted  on  the  yoke 
by  the  copper  plugs  was  measured  by  a crystal  strain 
gage  glued  to  the  yoke  (Fig.  1 ).  The  strain-gage  signal 
was  amplified  and  recorded  on  both  channels  of  a 
Tektronix  dual-beam  oscilloscope.  The  sensitivity 
ratio  of  the  two  channels  was  100: 1 , so  that  both  the 


Fix.  2.  Section  of  a confined  charge. 
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gross  reaction  and  the  fine  structure  could  be  seen. 
The  oscilloscope  was  triggered  by  the  pulse  from  the 
discharging  capacitor.  The  strain  gage  was  statically 
and  dynamically  calibrated  to  a crystal  force  gage. 
Force  was  then  converted  to  apparent  pressure  in  the 
steel  tube  by  using  the  known  area  of  the  end  plugs. 


RESULTS 

Explosives  studied  were  TNT  and  Comp.B,  cast 
and  pressed.  Cast  Comp.B  charges  were  allowed  to 
solidify  fast,  so  that  a fine-crystalline  structure  was 
formed.  TNT  charges  were  allowed  to  solidify  very 
slowly  and  formed  coarse-crystalline  structures. 

Pressed  charges  were  compacted  in  the  tube  (with 
the  bridgewire  mounted)  in  three  steps.  TNT  charges 
were  pressed  of  flaked  TNT.  Some  Comp.B  charges 
were  pressed  of  the  usual  fraction  6/60,  and  some 
were  pressed  of  a special  fine-grained  fraction  with 
the  following  grain -size  distribution: 

> 40  mesh  0% 


40-60 

10 

60-100 

25 

100-140 

30 

140-200 

10 

<200 

25 

Experiments  were  performed  on  cast  Comp.B  at 
normal  atmospheric  pressure  to  study  the  role  of  the 
confinement.  To  study  the  effect  of  initial  pressure 


C CAPACITOR  - 10  MICROFARAD 
S- MERCURY  SWITCH 
L-  CIRCUIT  INDUCTANCE 
R^-CIRCUIT  RESISTANCE -0.11  OHM 
R2- BRIDGE  WIRE  - 0.18  OHM 


on  the  propagation  of  the  deflagration,  charges  of  the 
same  sort  were  also  fired  at  pressures  of  5 MPa  and 
10  MPa  in  a nitrogen  atmosphere.  Cast  and  pressed 
charges  with  different  grain/crystal  sizes  were  studied 
to  find  out  their  ability  to  support  reactions  in  con- 
fined charges.  Table  1 shows  the  minimum  capacitor 
voltage  that  caused  self-sustained  reactions  and  the 
maximum  capacitor  voltage  that  did  not  cause  self- 
sustained  reactions  for  confined  Comp.B  charges. 
Table  2 shows  the  same  parameters  for  confined  TNT 
charges. 

Figures  5-11  show  piuitog  .^phs  of  some  charges 
that  exploded  and  sections  of  charges  that  did  not. 

The  energy  delivered  to  the  bridgewire  causes 
some  pressure  rise  in  the  explosive  probably  due  to 
beginning  deflagration.  If  the  energy  input  is  too  low 
the  deflagration  fades  out,  and  the  pressure  decreases. 
From  the  fine-structure  curve  of  the  oscilloscope  rec- 
ord we  can  determine  at  what  apparent  pressure  the 
deilagration  is  self-sustained.  Figures  12-14  show 
force  recordings  for  some  charges. 

The  critical  apparent  pressure  rise  for  cast  Comp.B 
usually  is  of  the  order  of  1 -7  MPa  when  charges  are 
fired  at  normal  atmospheric  pressure.  When  charges 
arc  fired  in  nitrogen  atmosphere  at  a pressure  of  5 
MPa  the  apparent  pressure  rise  can  sometimes  reach  a 
value  of  20  MPa  and  still  cause  no  self-sustained  re- 
action. 


Fig.  3.  Capacitor  discharging  circuit. 


206 


Fig.  4.  Voltage  pulse  shape  over  the  bridgewire  when 
capacitor  discharged  at  a potential  of 500  V.  Scale: 
40  V/div; Sweep:  5 psjdiv. 


TABLE  I 


Critical  Capacitor  Voltage*  for  Confined  Comp.B  Charges 


Physical  State  of  the  Explosive 

Tube  Wall 
Thickness 
(mm) 

initial 

Pressure 

(MPa) 

Minimum  Voltage 
for  Propagation 
(V) 

Maximum  Voltage 
for  Fade  Out 
(V) 

Cast 

1.5 

0.1 

800 

800 

2.0 

488 

600 

2.5 

57? 

565 

3.0 

580 

650 

1.5 

5 

600 

500 

2.0 

450 

430 

2.5 

500 

520 

3.0 

450 

445 

2.0 

10 

400 

300 

2.5 

334 

325 

Pressed  at  50  MPa,  fine-grained 

1.5 

285 

250 

3.0 

210 

200 

Pressed  at  90  MPa,  fine-grained 

1.5 

310 

285 

Pressed  at  100  MPa,  fine-grained 

3.0 

256 

250 

Pressed  at  100  MPa,  fraction  6/60 

2.0 

0.1 

300 

250 

No.  of 
Shots 


♦With  10  lif'  capacitor 


TABLE  2 


Critical  Capacitor  Voltage*  for  Confined  TNT  Charges 


Physical  State  of  the  Explosive 

Tube  Wall 
Thickness 
(mm) 

Initial 

Pressure 

(MPa) 

Minimum  Voltage 
for  Propagation 
(V) 

Maximum  Voltage 
for  Fade  Out 
(V) 

Flaked,  pressed  at  50  MPa 

1.5. 

10 

603 

625 

3.0 

10 

560 

530 

Flaked,  pressed  at  100  MPa 

3.0 

10 

570 

568 

2.0 

0.1 

- 

>600 

Cast,  coarse-crystalline 

3.0 

0.1 

- 

> 1000 

3.0 

10 

~ 

> 1000 

No.  of 
Shots 


-:k0i 


Firing  voltage:  488  V.  Wall  thickness:  2.0  mm.  Finns’  voltage:  565  V.  Wall  thickness:  2.5  mm. 

Eig.  5.  Examples  of  east  Comp.  II  charges  after  firing  at  atmospheric  pressure. 


Firing  voltage:  520  V.  Wall  thickness:  2.5  mm.  Firing  voltage:  448  V.  Wall  thickness:  1.5  mm. 

Eig.  ().  Examples  of  east  Comp.ll  charges  after  firing  at  5 Ml 'a  initial  pressure. 


Firing  voltage:  350  V.  Wall  thickness:  2.5  mm.  Firing  voltage:  325  V.  Wall  thickness:  2.5  mm. 

Fiji.  7.  Examples  of  cast  Comp.B  charges  after  firing  at  1 0 MPa  initial  pressure. 


Firing  voltage:  210  V.  Wall  thickness:  3.0  mm.  Firing  voltage:  285  V.  Wall  thickness:  1.5  mm. 

Fiji.  X-  Examples  of  Comp.li  charges,  pressed  at  50  MPa,  after  firing  at  JO  MPa  initiu pressure. 


Firing  voltage:  256  V.  Wall  thickness:  3.0  mm.  Firing  voltage:  285  V.  Wall  thickness:  1.5  mm. 

Pig.  0.  Examples  of  Comp.li  charges,  pressed  at  WO  MPa  (A)  and  90  MPa  (II),  after  firing  at  JO  MPa  initial 
pressure. 


Firing  voltage:  300  V.  Wall  thickness:  2.0  mm. 

Pig.  10.  Comp.li  charge,  pressed  of  fraction  6j60  at 
100  MPa,  after  firing  at  atmospheric  pressure. 
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Fig.  13.  Force  recording  for  exploded  pressed  (50 
MPa)  Comp. 0 charge.  Confinement  1.5  mm.  initial 
pressure  10  MPa,  fired  at  300  V.  Scales:  upper  * 5.5 
MPajdlv , lower  - 550  MPa/div,  time  = 200  ps/dlv. 


* TIME 


Fin.  14-  Force  recording  for  exploded  pressed  TNT 
charge.  Confinement  3.0  mm.  Initial  pressure  10 
MPa,  fired  at  900  V.  Scales:  upper  - S.  I MPa/div, 
lower  - 810  MPa/div,  time  = 100  ps/dlv. 


For  pressed  Comp.B  the  critical  apparent  pressure 
rise  Is  ioo  small  to  be  recorded,  whereas  for  pressed 
flaked  TNT  It  can  amount  up  to  1 5 MPa.  For  cast 
coarse-crystalline  TNT  the  apparent  pressure  rlr  *" 
about  3 MPa  when  fifed  at  1000  V at  atmosplr 
prossu  re. 

The  critical  apparent  pressure  rise  tends  to  increase 
with  increasing  confinement  and  increasing  initial 
pressure.  The  critical  apparent  pressure  rise  is  much 
higher  for  cast  charges  than  for  pressed  charges,  at 
least  for  Comp.B.  Table  3 gives  some  examples  of  ap- 
parent pressure  rise  In  various  charges. 

The  delay  time  from  discharging  the  capacitor  to  a 
noticeable  rise  In  the  fine-structure  curve  of  the  force 
recordings  is  usually  of  the  order  of  80-200  micro- 
seconds for  Comp.U  charges  fired  at  400  V or  more. 
For  pressed  Comp.B,  which  needs  only  250-300  V 
for  Initiation,  the  delay  is  from  100  microseconds  to 
2.5  milliseconds.  For  pressed  Comp.B  charges  which 
needs  only  about  200  V for  Initiation,  the  delay  can 
be  as  long  as  8 milliseconds.  For  pressed  TNT,  which 
needs  about  600  V for  Initiation,  the  delay  is  from 
100  microseconds  to  4 milliseconds. 

If  the  deflagration  propagates,  the  time  from  the 
first  indication  of  a reaction  rtart  until  the  reaction  is 
self-sustained  can  be  estimated  by  comparing  the  time 
lug  between  the  flne-stiucturo  curve  and  the  gross- 
structure  curve.  The  gross-structure  curve  has  a sensi- 
tivity that  gives  no  reading  unless  the  reaction  Is  self- 
sustained.  Time  differences  measured  that  way,  e.g. 


TA  Hid:  3 


Examples  of  Apparent  Pressure  Else  lit 
Some  Confined  Charges 


Explosive 

Con- 

fine- 

ment 

(mm) 

Initial 

Pros- 

sure 

(MPa) 

Apparent 

Pressure 

Rise 

(MPa) 

Comp.B.  Cust 

2.0 

0.1 

3.7 

2.5 

2.8 

2.5 

6,0 

3.0 

6.5 

1.5 

5 

3,8 

2.0 

4.4 

2.0 

5.0 

2.5 

7,7 

3.0 

16.2 

TNT  press.  50  MPa 

1.5 

10 

7.7 

3.0 

13.8 

3.0 

14.5 

TNT  press.  100  MPa 

3.0 

8.0 

3.0 

16.0 

TNT,  cast  coarse- 

crystalline 

3.0 

O.i 

3.2 
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from  Figures  12-14,  give  values  of  100  -300  microsec- 
onds for  cast  Cornp.B,  50- 1 50  microseconds  for 
pressed  Cornp.B,  and  200-3000  microseconds  for 
pressed  TNT.  Figure  1 5 shows  an  exploding  cast 
Cornp.B  charge  with  2.0  mm  confinement  fired  at 
atmospheric  pressure.  The  time  elapsed  to  sudden 
tube  deformation  (280  microsec.)  in  the  figure  is  con- 
sistent with  the  time  elapsed  from  ignition  pulse  to 
apparent  pressure  rise  in  the  corresponding  gross- 
structure  curve. 

DISCUSSION 

The  energy  in  the  capacitor  is  taken  as  0.5  CV2, 
where  C is  the  capacitance  and  V is  the  capacitor  po- 
tential. However,  all  this  energy  is  not  delivered  to 
the  bridgewire,  because  of  the  circuit  inductance  and 
the  circuit  resistance.  As  can  be  seen  from  Figure  4, 
the  peak  voltage  over  the  bridgewire  is  only  about  30% 
of  the  capacitor  potential.  Several  measurements  con- 
firm that  the  peak  voltage  over  the  bridgewire  is  only 
25  -30%  of  the  capacitor  potential.  Thus  the  energy 
stored  in  ihc  capacitor  cannot  be  taken  as  the  quan- 
tity of  energy  delivered  to  the  explosive  sample.  To 
adequately  determine  the  energy  input,  it  would  be 
necessary  to  simultaneously  measure  the  voltage  and 
the  current  through  the  bridgewire.  The  nominal 
time  constant  of  4 microseconds  should  be  compared 
with  the  pulse  duration  in  Figure  4,  which  is  about  20 
microseconds. 

The  ignition  delay  time,  estimated  from  the  force 
recordings  as  the  time  interval  from  discharge  of  the 
capacitor  to  apparent  pressure  rise,  was  in  the  range 
of  from  80  microseconds  to  a few  milliseconds  (Figs. 
12-14).  However,  the  time  taken  for  a disturbance 
in  the  middle  of  the  charge  to  travel  through  the 
charge,  the  copper  plugs  and  the  yoke  to  the  strain 
gage  is  estimated  to  be  of  the  order  of  30-40  micro- 
seconds. That  means  that  the  shortest  delay  times 
(for  pressed  Cornp.B)  should  be  only  some  ten  micro- 
seconds. 


From  Table  1 we  can  evaluate  the  effect  of  con- 
finement on  the  capacitor  voltages  needed  to  start 
propagating  deflagrations  in  cast  Cornp.B.  A confine- 
ment of  1 .5  mm  steel  seems  to  be  unfavorable,  where- 
as a wall  thickness  of  more  than  2.0  mm  docs  not 
appreciably  lower  the  critical  capacitor  voltage.  This 
trend  is  the  same  whether  atmospheric  pressure  or 
elevated  initial  pressure  is  used. 

We  also  conclude  from  Table  1 that  increasing  the 
initial  pressure  lowers  the  necessary  capacitor  voltage 
for  the  development  of  propagating  reactions.  This  is 
expected,  because  deflagrations  increase  their  reac- 
tion rate  with  increasing  pressure. 

Table  1 also  shows  that  it  is  easier  to  start  a propa- 
gating reaction  in  pressed  Cornp.B  than  in  cast 
Comp.  B,  at  least  at  atmospheric  pressure.  The  den- 
sity of  the  charge  is  obviously  an  important  parame- 
ter, which  affects  the  possibility  of  starting  propagat- 
ing deflagrations  in  confined  charges.  Table  1 shows 
that  a charge  pressed  at  50  MPa  develops  propagating 
reactions  more  easily  than  a charge  pressed  at  90  or 
100  MPa. 


Table  2 shows  that  pressed  TNT  needs  higher  volt- 
ages to  develop  propagating  reactions  than  docs 
pressed  fine-grained  Cornp.B.  Like  pressed  Cornp.B, 
pressed  TNT  develops  propagating  reactions  more 
easily  when  pressed  at  lower  compaction  pressures, 
TNT  shows  the  same  pattern  regarding  initial  pressure 
and  confinement  as  Cornp.B.  It  is  obvious  from 
Table  2 that  cast  coarse-crystalline  TNT  is  very  hard 
to  initiate  to  propagating  deflagration  with  a hot 
bridgewire. 

Charges  that  did  not  burst  were  cut  and  examined. 
Some  samples  are  shown  in  Figs.  5-11.  Cast  Cornp.B 
charges  usually  showed  numerous  and  far-reaching 
cracks  emanating  from  the  bridgewire.  The  cracks 
often  reached  out  to  the  tube  wall  (Fig.  6).  It  could 


t a 0 40  80  120  160  200  240  280  320  360 

Fig.  15.  High-speed  photographs  of  exploding  charge  (cast  Cornp.B),  40  ps  between  each  frame, 
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be  seen  that  burning  had  taken  place  along  these 
cracks,  because  soot  was  deposited  along  them. 

Pressed  Comp.  B charges  that  did  not  burst  showed  no 
signs  of  any  reaction  having  taken  place  (Fig.  9B).  On 
the  contrary,  pressed  TNT  charges  that  did  not  burst 
showed  local  but  heavy  reactions  around  the  bridge- 
wire  (Fig.  1 1 A).  Cast  TNT  charges  that  were  cut 
showed  signs  of  heavy  reactions  in  a large  area  around 
the  oridgewire  (Fig.  1 1C).  Figure  1 1C  also  shows 
that  the  charge  was  destroyed  to  form  a loose  pack  of 
long,  needle-shaped  TNT  crystals. 

The  results  of  the  examination  of  cut  charges  sup- 
port the  theory  that  flame  spreading  along  cracks  and 
between  grains  of  explosive  is  an  important  mecha- 
nism in  the  deflagration  of  confined  charges. 


explosive  column  remained  in  the  tube,  which  did  not 
burst  but  only  got  barrel-shaped.  On  the  contrary, 
for  pressed  Comp.B  the  tube  always  burst,  but  often 
large  amounts  of  explosive  were  thrown  out  as  a fine 
powder.  Figures  8A  and  9A  show  some  signs  consid- 
ered as  typical  for  detonations,  like  small  and  numer- 
ous fragments,  wall-thickness  reduction,  and  shear 
fractures  at  an  angle  of  45  degrees  to  the  main  stress 
directions,  However,  in  a'l  those  shots  some  un- 
reactcd  explosive  was  recovered,  cither  on  the  bottom 
copper  plug  or  on  the  inside  of  the  yoke. 

It  is  possible  that  the  deflagration  in  pressed 
Comp.B  has  built  up  to  a detonation,  but  this  hy- 
pothesis has  not  been  further  examined. 


Because  of  the  greater  surface  area  of  pressed 
charges  It  should  thus  be  easier  to  start  propagating 
reactions  in  pressed  explosives  than  in  cast  explosives. 
The  results  found  are  in  agreement  with  this  assump- 
tion. It  could  also  explain  why  cast,  coarse-crystalline 
TNT  is  so  hard  to  initiate  to  propagating  reactions. 
Ilils  theory  is  further  supported  by  the  fact  that  In- 
creasing initial  pressure  favors  the  development  of  self- 
sustained  reactions.  It  also  explains  why  Comp.B, 
which  contains  small  and  more  heat-sensitive  KlJX 
crystals,  more  easily  develops  propagating  deflagra- 
tions than  does  TNT. 

Hie  incidence  of  explosive  events  (Figs.  5A,  7A,  8, 
9 A,  10,  I IB)  shows  that  the  reactions  differ  widely  in 
strength.  For  cast  Comp.B  charges  the  steel  tube 
broke  into  only  a few  large  pieces,  regardless  of  con- 
finement and  Initial  pressure  (Figs.  5A,  7A),  Pressed 
Comp.B  charges  showed  the  same  pattern  when  fired 
at  atmospheric  pressure  and  poor  confinement  (Fig. 
10).  For  pressed  Comp.B,  hcuvily  confined  and  fired 
at  10  MPa  initial  pressure,  the  steel  tube  split  into  nu- 
merous fragments  (Figs.  8A,  9A).  For  pressed 
Comp.B  charges  with  poor  confinement  the  tube  just 
split  open  (Fig.  8B)  or  broke  into  large  pieces, 

For  flaked,  pressed  TNT  charges  the  tube  only 
split  open  and  gave  no  fragments  regardless  of  con- 
finement (Fig.  1 1 B).  Sometimes  a good  part  of  the 


CONCLUSIONS 

Tests  by  this  technique  siiow  that  increasing  con- 
finement and  increasing  initial  pressure  favors  the  de- 
velopment of  self-sustained  deflagrations.  Pressed  ex- 
plosives of  low  density  more  easily  develop  such 
reactions  than  do  cast  explosives.  Coarse-crystalline 
explosives  are  harder  to  Initiate  than  flnc-cryslalline 
ones.  Comp.B  more  easily  develops  self-sustained  re- 
actions than  does  TNT. 

Whether  the  initiated  deflagration  will  fade  out  or 
propagate  is  determined  at  very  low  apparent  pres- 
sures (a  few  MPa)  in  the  explosive  sample.  If  the  de- 
llagratlon  propagates,  the  apparent  pressure  rises  very 
slowly  up  to  a critical  value,  and  then  a very  steep 
pressure  rise  occurs,  From  the  examination  of  cut 
charges  it  is  believed  that  the  deflagration  proceeds 
very  rapidly  along  cracks,  which  could  be  formed  at 
the  velocity  of  sound  by  stresses  In  the  explosive 
sample. 

The  results  obtained  can  be  used  for  the  assess- 
ment of  hazards  related  to  violent  deflagration  in  vari- 
ous combinations  of  explosives,  confinements,  and 
initial  pressures,  c.g.  for  classification  purposes  as  well 
as  In  several  important  practical  applications,  and  also 
as  a basis  for  safer  construction  of  ammunition. 
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THE  THERMAL  DECOMPOSITION  AND  REACTION  OF  CONFINED  EXPLOSIVES* 


E.  Catalano,  R.  McGuire,  E.  Lee, 
E.  Wrenn,  D.  Ornellas  and  J.  Walton 
Lawrence  Livermore  Laboratory 
1 'niversity  of  California 
Livermore,  California  94SS0 


This  paper  describes  some  new  experiments  designed  to  accurately  determine  the 
time  interval  required  to  produce  a reactive  event  in  confined  explosives  subjected 
to  temperatures  which  will  cause  decomposition.  Geometry  and  boundary  condi- 
tions were  both  well  defined  so  that  these  experiments  on  the  rapid  thermal  decom- 
position of  HE  are  amenable  to  predictive  modelling. 

Experiments  have  been  carried  out  on  TNT,  TA  TB  and  on  two  plastic-bonded 
HMX-based  high  explosives,  LX-04  and  LX- 10.  When  the  results  of  these  experi- 
ments are  plotted  as  the  logarithm  of  the  time  to  explosion  versus  1JT  K (Arrhenius 
plot),  the  curves  produced  are  remarkably  linear.  This  is  in  contradiction  to  the 
results  obtained  by  an  iterative  solution  of  the  Laplace  equation  for  a system  with  a 
first  order  rate  heat  source.  Such  calculations  produce  plots  which  display  consider- 
able curvature.  The  experiments  have  also  shown  that  the  time  to  explosion  is 
strongly  influenced  by  the  void  volume  in  the  containment  vessel. 

We  have  compared  the  results  of  the  experiments  with  calculations  based  on  the 
heat  flow  equations  coupled  with  first-order  models  of  chemical  decomposition.  The 
comparisons  demonstrate  the  need  for  a more  realistic  reaction  model. 


INTRODUCTION 

A number  of  experimental  tests  have  been  dcvel-  ‘ 
oped  to  measure  “time  to  explosion”.  (1,2,3.)  We 
will  describe  here  our  effort  to  develop  a new  experi- 
mental system  which  , though  relatively  simple  and 
inexpensive,  is  well  defined  and  controlled  so  as  to 
be  amenable  to  computer  modelling.  The  objective 
of  using  the  generated  experimental  data  directly,  in 
order  to  detlne  reactive  source  terms  in  a heat  flow 
computer  code,  dictated  that  the  sample  be  one 
dimensional  so  as  to  simplify  geometric  effects  in  the 
heat  flow  calculation.  We  will  present  here  data 
gathered  on  TNT,  TATB  and  two  HMX-based  plastic 


‘This  work  was  performed  under  the  auspices  of  the  U.S, 
linergy  Research  and  Development  Administration  under 
Contract  No.  W-7405-Knj[-48. 


bonded  explosives,  LX- 10  and  LX-04.  Finally,  we 
will  briefly  discuss  our  progress  in  the  modelling  of 
the  TNT  system. 


EXPERIMENTAL 

The  central  element  of  the  experimental  design  is 
a set  of  cylindrical  aluminum  anvils  which  are  pre- 
heated to  the  desired  operating  temperature.  An 
anvil  face  is  shown  in  Fig.  1 . The  anvils  are  7.62  cm. 
in  diameter  and  S.08  cm.  high.  A hemispherical 
cavity  is  machined  into  the  face  of  each  anvil  in  order 
to  accept  spherical  samples.  Recessed  knife  edges  arc 
likewise  machined  into  each  face.  Ihese  knife  edges 
close  on  a copper  sealing  ring  during  the  experiment. 
Sample  sizes,  for  reasons  of  safety,  have  been  limited 
in  the  laboratory  to  1 .27  cm.  in  diameter.  Tills  is 
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Fig.  I.  Detail  of  anvil  face. 


approximately  2.2  grams  of  explosive.  The  anvils 
are  electrically  heated.  The  temperature  is  controlled 
to  i 0.2  K by  thermocouples. 

The  instrument,  without  ancillary  equipment,  is 
shown  in  Fig.  2.  When  the  operating  temperature  is 
attained,  the  sample  is  placed  in  a vacuum  chuck. 

'Hie  remainder  of  the  experiment  is  performed  re- 
motely. lire  vacuum  chuck  emplaces  the  sample  in 
the  cavity  in  the  face  of  the  lower  anvil.  The  upper 
anvil  is  then  driven  down  by  a preloadcd  pressure 
accumulator,  scaling  the  sample  cavity.  This  process 
requires  approximately  0,6  seconds,  Both  the  closing 
pressure  and  the  confinement  pressure,  i.e.,  the 
pressure  maintained  on  the  anvils  during  the  experi- 
ment, are  determined  by  the  operator  und  can  be 
varied  through  the  hydraulic  system.  Fxpcriincnts 
performed  to  determine  the  integrity  of  the  seal  have 
shown  that  there  is  no  leak  of  the  decomposition  pro- 
duct gases  prior  to  the  violent  rupture  of  the  seal 
which  marks  the  end  |>oint  of  the  experiment.  Fx- 
periments  have  also  shown  that  if  the  closing  pressure 
is  not  sufficiently  high,  the  fiats  of  the  anvils  between 
the  sample  cavity  and  the  sealing  ring  do  not  make 
metal  to  metal  contact,  even  though  scaling  is  accom- 
plished, leaving  a small  void  space  as  shown  in  Fig.  .3. 
The  significance  of  this  void  space  will  be  discussed 
below.  The  principal  measurement  is  the  time  to 


Fift.  2.  Fxperlmental  apparatus  showing  vacuum 
chuck. 


Fig.  3.  Detail  showing  (a)  void  space  caused  by  low 
pressure  closure  of  anvils  and  (h)  high  pressure  clo- 
sure. 


215 


“explosion"  which  is  measured  from  (he  closure  of 
the  anvils.  The  event  which  marks  (lie  endpoint  is 
sensed  by  a sensitive  microphone  and  by  an  accelerom- 
eter which  is  mounted  on  the  anvils. 

This  unique  and  rather  simple  system  thus  pro- 
vides a spherically  symmetric,  well  characterized, 
nearly  isothermal  boundary ; and  a well  defined, 
variable  confinement.  The  purpose  in  developing  this 
experimental  approach  was  to  allow  us  to  utilize  (he 
experimental  results  in  fixing  various  parameters  in 
the  chemical  reaction  mode!  so  that  caiculationai 
predictive  methods  could  he  applied  more  widely 
and  with  a greater  measure  of  confidence, 


THE  EXTENT  AND  VIOLENCE  OF 
THE  REACTION 

The  violence  of  the  event  as  determined  by  post 
inspection  of  the  anvils,  varies  both  with  the  material 
and  the  temperature.  A low  order  event,  pmhuhly 
a rupture  of  the  seals  caused  by  gas  pressure,  yields 
little  or  no  damage  to  the  anvils;  indeed  the  copper 
sealing  ring  Is  generally  still  in  place  and  the  majority 


I'lg,  4.  An  anvil  following  a low  order  event. 


of  the  explosive  sample  unconsumcd  though  charred. 
An  example  is  shown  in  Fig.  4,  A high  order  event, 
on  the  other  hand,  causes  considerable  metal  flow  in 
the  aluminum  anvil  and  twisting  and  fragmentation 
of  the  copper  seal.  See  Fig.  5.  To  date,  in  the  small 
samples  investigated,  we  have  seen  no  high  order 
events  in  TNT.  LX- 10  and  LX-04,  however,  give  high 
order  events  at  intermediate  temperatures  in  samples 
as  small  us  0.284  cm.  radius.  Low  order  events  occur 
for  LX- 10  and  LX-04  at  high  temperature  and  at 
temperatures  near  the  critical  temperature. 


In  an  experiment  involving  LX-04,  an  0.08  cm. 
hole  was  drilled  into  the  flat  of  the  lower  anvil 
between  the  scaling  ring  and  the  sample  cavity.  The 
pressure  was  monitored  at  483  K until  gas  evolution 
ceased.  The  sample  did  not  explode  in  six  hours, 
although  similar  samples  at  483  K without  the  hole 
explode  in  1 10-1  IS  minutes.  A plot  of  pressure  vs. 
time  shows  the  familiar  sigmoidal  shape,  Fig.  (>.  The 
significance  of  this  “non-event"  will  he  discussed 
below.  However,  it  should  be  noted  that  the  normal 
explosion  point  of  110-115  minutes  for  fully  con- 
fined samples  occurs  when  ubout  4-5%  of  the  reaction 
has  taken  place  and  where  the  gas  evolution  is  ucccl- 
eruling. 


Fig.  5.  An  anvil  following  a High  order  event. 
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TIMES  TO  EXPLOSION 


Hots  of  time  to  explosion  versus  reciprocal  tem- 
perature arc  essentially  linear  for  the  materials  investi- 
gated viz.  TNT  and  LX- 10,  over  the  range  of  tempera- 
tures from  623  K to  the  critical  temperature.  This 
finding  is  in  contradiction  to  previously  reported 
data  which  stiowed  significant  curvature.  Indeed 
mathematical  treatments  such  as  those  by  Frank- 
Kamcnctskii  (4),  Zinn  ( 1 ,5 ) and  others  based  on 
single  source  term  simple  Arrhenius  kinetics,  F'ig.  7 
and  liq.  ( 1 ), 

- XV2T  + pC(f>T/()t ) = pAHZe  * * (I) 

predict  significant  curvature  to  these  plots.  Here  T is 
temperature  in  K,  X is  thermal  conductivity  (cal 
deg-1  cm-1  see"1 ),  p is  density  (g  cm"3),  ('  is  heat 
capacity  (cal  g“1dcg~1 ),  AH  is  heat  of  decomposition 
(cal  g"‘),  Z is  the  pre-exponential  factor  (see"1 ),  Fa 
is  the  activation  energy  (cal  M"1 ),  R is  the  gas  constant 
(1.98715  cal  M"1  deg"1),  V2  is  the  LaPlacian  opera- 
tor and  t is  the  time  (see). 

Hie  major  difference  between  our  experiments 
and  those  previously  performed  is  that  none  of  the 
gaseous  decomposition  products  were  allowed  to  escape 
from  contact  with  the  Hli  sample  in  our  test.  The 
signif  icance  of  this  containment  is  shown  in  Table  1 
and  again  in  Fig.  8. 

Table  1 shows  that  the  time  to  explosion  of 
samples  closed  (scaled)  at  1 500  atm.  is  essentially 


Fig.  6.  Extent  of  reaction  (AP/bFeJ  vs.  time  for 
HMX  decomposition  at  483  K. 


Fig.  7.  Comparison  of  experimental  time  to  explo- 
sion curve  vs.  that  predicted  by  single  source  term 
Arrhenius  kinetics. 


Fig.  8.  Time  to  explosion  vs.  temperature  for  LX- 10. 
Comparison  of  low  pressure  closure  (500  atm.)  and 
high  pressure  losure  ( 1500  atm. ). 
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TABLE  / 


Effect  of  Gosing  Pressure  on  Time  to  Explosion 
at  483  K of  LX-04.  (a,  c) 


Closing 

Pressure 

Holding 

Pressure 

Time  to 
Explosion 

1500  atm. 
1500  atm. 
500  atm. 
500  atm. 

1500  atm. 

500  atm. 

500  atm. 

500  atm.  (b) 

* 1 10  min. 

**  1 15  min. 

**  2 10  min. 

Did  not  ex- 
plode in  six 
nrs. 

a.  LX-04  is  itko  * IIMX-ba«ed  HBX  but  h*s  15%  binder  vs. 

5%  for  LX- 10 

b.  Anvil  hid  * 0.08  cm.  hole  drilled  In  it  to  allow  gaseous 
products  to  escape. 

c.  Sample  - 0.284  cm.  radius  sphere,  mass  «■  0.22  gm. 

constant  regardless  of  the  pressure  of  the  experiment. 
However,  If  the  anvils  are  closed  at  the  lower  pres- 
sure, leaving  a small  gap  (void  space)  between  the 
anvils,  the  time  to  explosion  is  almost  doubled.  If  a 
small  hole  is  drilled  into  the  anvil,  essentially  in- 
creasing the  void  space  to  infinity,  the  sample  fails  to 
explode.  This  last  observation  agrees  with  Rogers  (6) 
who  found  the  critical  temperature  for  HMX  to  be 
2S0  K for  this  size  sample. 

Figure  8 shows  the  effect  of  confinement,  or 
closing  pressure  on  the  time  to  explosion  and  critical 
temperature  for  LX- 10.  Lowering  the  closing  pres- 
sure, and  leaving  a small  void  volume,  lengthens  the 
time  to  explosion  at  any  given  temperature  and 
raises  the  critical  temperature.  It  is  interesting  to  note 
that  the  lines  are  truly  parallel  showing  that  thermal 
conductivity,  heat  capacity  and  the  activation  energy 
are  unchanged. 


CRITICAL  TEMPERATURE  SCALING  AND 
EFFECT  OF  CONTAINMENT 

Figure  9 shows  the  time  to  explosion  curves  for 
two  sizes  of  TNT  samples.  Tills  represents  an  order  of 
magnitude  difference  in  mass.  The  lines  are  divergent 
toward  lower  temperatures  and  the  critical  tempera- 
ture is  lowered  with  increase  in  mass.  Attempts  to 
predict  the  critical  temperatures  using  kinetic  con- 
stants proposed  by  Rogers  (6)  in  a Frank-Kamenetskii 


Eig.  9.  Time  to  explosion  vs.  temperature  for  TNT. 
Scaling  is  an  order  of  magnitude  in  mass  of  HE. 


model  gave  significantly  higher  temperatures  than 
those  we  experimentally  determined.  If,  however,  wc 
derived  a pseudo  activation  energy  and  pre- 
exponential  factor  from  experiments  of  one  size,  we 
could  successfully  predict  the  critical  temperature  of 
the  larger  size.  This  data  is  summarized  in  Table  2. 


We  believe  that  this  decrease  in  observed  critical 
temperature  from  that  predicted  using  Rogers’  (6) 
treatment  is  a result  of  maintaining  the  gaseous  deconv 
position  products  in  contact  with  themselves  and  with 
the  solid  explosive.  This  allows  the  gases  to  continue 
reacting  and  to  more  effectively  feed  the  energy  back 
to  the  solid  HE.  This  results  in  an  increase  in  the  heat 
of  reaction. 


The  effect  was  similarly  illustrated  above  in  Table 
1 . That  is,  by  providing  a small  void  or  expansion 
volume,  we  have  effectively  decrease'1  the  gas  concen- 
tration and  the  heat  flow  and  increased  the  time  to 
explosion  for  any  given  size  and  temperature. 
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TABLE  2 


Comparison  of  Predicted  and  Observed  Critical  Temperatures  (Tc) 


Explosive 

Charge 
Radius  (cm) 

Predicted  T0 
Classical  (a) 

Predicted  Tc 
Experiment 

Observed  Tt. 
Experiment 

K 

K 

K 

TNT 

0.284 

515 

508 

508 

0.635 

490 

482 

478 

TATB  (b) 

0.284 

572 

529 

529 

0.635 

554 

504 

503 

LX-10 

0.284 

596 

464 

464 

0.635 

478 

457 

- 

it.  Kef.  6. 

b.  TATU  » Triumlnotrinitrobcn/.enc. 


COMPUTER  MODELLING 

We  first  attempted  to  model  the  experimental 
linear  dependence  for  the  times  to  explosion/ 
temperature  data  on  TNT  by  varying  such  parameters 
as  heat  capacity,  thermal  conductivity  and  the  reac- 
tion terms  E„  and  Z in  Eq.  (1).  These  results  are 
summarized  in  Figs.  10,  1 1 and  12.  While  the  initial 
portions  of  these  curves  arc  fairly  linear,  indeed  we 
have  represented  them  us  straight  lines,  they  take  on 
considerable  curvature  at  lower  temperatures.  Even 
so,  using  reasonable  values  for  the  parameters  wo 
failed  to  match  the  experimental  slope  even  at  the 
higher  tempo  rat  urea.  It  was  obvious  then  that  we 
could  not  successfully  model  the  experiment  using  ' 
single  source  term,  Arrhenius  kinetics. 

Tire  single  source  term  models  a reaction  sequence 
such  as  Eq,  (2). 

A j.  B.  (2) 

This  simple  approach  does  reasonably  well  at 
predicting  critical  temperatures  since  that  quantity  is 
determined  by  the  accelerating  exotherm,  i.e.,  the 
steeply  rising  portion  of  the  reaction  curve  in  Fig.  6. 

It  is,  however,  the  induction  period  which  determines, 
for  the  most  part,  the  time  to  explosion.  The  simple 
model  of  Eq.  (1)  docs  not  model  this. 


Fig.  10.  The  effect  on  predicted  times  to  explosion 
by  variation  of  heat  capacity  (C)  and  thermo!  conduc- 
tivity ('K)in  equation  l.  (a)  C*  0.5  - 0.6,  X * . 0005  - 
.0001;  (b)  O 0.5,  X ‘.0005  - .0001; (c)C- 0.5  - 
0.6,  X ^.0005  - .0003;  (d)  O 0.5  - 0. 7,  X - .0005; 
(e)Cm  0.5,  X a .0005. 

We  have  done  some  preliminary  analysis  on  two 
models  to  include  this  induction  period.  One  of  these, 
a sequential  model,  is  shown  in  Eq.  (3).  This  leads  to 
the  source  term 
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l/T  / 10J  K 

big.  I I.  The  e fjeet  on  predicted  times  to  explosion 
by  variation  of  activation  energy,  Hu,  in  equation  I. 
(a)  i:a  = 46  kcai  XT1,  In  Z » .12;  (h)  Ka  - 4H  kcai 
AT1,  In  Z - 34;  (c)  Ka  - 44  kcai  M'1 , In  Z = 32;  (d) 
/■:„  - 46  kcai  XT1,  In  Z « ./4;  A'/  « 42  kcai  M~1' 

Jn  Z = 32;  (I)  Ka  * 44  AT2,  In  Z = 34/  fo/  /ia  =* 
40  kcai  M~‘  In  Z - 32;  (h)  i:a  » 42  kcai  XT'1 , lnZ  = 
34. 


I 2 

A — > D * C (3) 

expression  in  Fq.  (4). 

AM,NAZ|c'ki,l/RI  + AH2NBZ2e“l'a2/RI.  (4) 

Here  the  subscripts  1 refer  to  step  1 , subscripts  2 
to  step  2 and  N A „ arc  mole  fractions  sucii  that 
WA-fNjj  +N(  = I.  The  results  of  preliminary  calcuia- 
tions  using  this  model  are  shown  in  Figs.  1 3,  14  and 
IS.  These  show  that  it  is  possible  to  approximate  the 
early  slope  using  slightly  endothermic  values  for  the 
heat  of  reaction  of  step  1.  This  could  be  a nucleation 
step  of  the  formation  of  a reactive  intermediate. 


big.  12.  Vie  effect  on  predicted  times  to  explosion 
by  variation  of  pre-exponential  factor  (Z)  in  equa- 
tion l.  (a)  b.a  - 44  kcai  M~l , In  Z - 30;  (b)  Ha  * 

46  kcai  At'1,  In  Z = 32;  (e)  lia  = 44  kcai  M~‘ , In  Z- 
32;  Id)  h'a  = 46  kcai  M~l , In  Z - 34;  (e)  La  = 44  kcai 
XT',  In  Z*  34;  (f)  ha  - 46  kcai  AT1,  In  Z*  36;  (g) 
b,a  = 44  kcai  M~  , In  Z = 36;  (It)  T.a  ■=  46  kcai  X f 1 , 
In  Z = 38. 


Tlie  second  model  under  consideration  includes  a 
growth  or  autocatalytic  step  as  Fq.  (5). 

I 

A ► B 

2 (5] 

B + A or  B + B > C 

This  leads  to  a reactive  term  as  expressed  in  Eq. 

(6). 
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1.6  1.8  2.0  2.2 

1/T  X 103  < 

Fig.  13,  Fffcct  of  changing  heat  of  reaction  of  pre- 
cursor step  (A/ 1 1 ) in  sequential  reaction  model. 

AH1NAZ1e'l'al/K!  + AH2(Na  + N„) 

<1  - Nu)Z2c_,  i*2/K  ‘ (6) 

We  have  only  initiated  work  on  this  model  and  will 
not  report  at  this  time. 


We  hope  to  be  able  to  independently  measure 
reaction  parameters  and  thus  to  realistically  model  the 
response  of  explosives  to  thermal  stimulus. 


1 1 1 1 I 1 1 i 1 

1.6  1.8  2.0  2.2 

1/T  X 103K 

Fig,  14.  Effect  of  changing  activation  energy  of  pre- 
cursor step  (Fai ) in  sequential  model. 

This  test  gives  results  which  are  significantly  dif- 
ferent than  tltosc  given  by  tests  in  which  the  gaseous 
products  arc  vented. 

’Hie  amount  of  expansion  volume,  even  in  a totally 
contained  system,  has  a pronounced  effect  in  the 
time  to  explosion  for  any  given  sample  size  and  tem- 
perature. 

A heat  How  model  which  uses  a single  Arrhenius 
source  term  does  not  adequately  model  the  results 
of  time  to  explosion  tests. 


P' 


SUMMARY  AND  CONCLUSIONS 

We  have  designed  and  constructed  an  instrument 
to  study  the  time  to  explosion  of  one  dimensional 
samples  where  the  gaseous  decomposition  products 
arc  totally  contained. 
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INTRODUCTION 

It  is  well  known  that  the  thrust  S of  a rocket  is 
given  by  exhaust  velocity  of  the  reaction  products  va 
times  mass  flux  G.  G is  given  by  the  burning  rate  and 
the  geometry  of  the  propellant,  Fig.  1 . 

The  state  of  art  of  modern  rocket  combustion 
chambers  is,  that  much  higher  working  pressures  and 
alongside  higher  effectivity  could  be  attained  unless 
the  reaction  mechanism  of  up  to  date  propellants 
would  limite  sufficient  burning  raves. 

At  tire  present  time  the  burning  rate  of  solid  pro- 
pellants is  aoout  10’  2 m/s  or  slightly  higher.  The 
mass  flux  is  increased  by  using  special  geometries  of 
the  propellant  to  get  larger  burning  surfaces,  Fig.  2 
An  often  used  type  of  geometry  is  the  so-called  star 
shaped  burner  which  is  used  instead  of  end-burners. 
But  even  with  this  type  of  propellant  geometry  phys- 
ical limits  are  set  by  the  rather  poor  loading  density 
and  maximum  possible  gas  velocities  within  the  inside 
channels  of  the  propellant.  For  an  end-burner  using 
an  explosive  material  with  high  burning  rate  these  • 
problems  would  not  occur. 

The  regime  of  stable  detonation  at  which  gas  is 
produced  with  reaction  velocities  of  km/s  nearly 
instantly  accompanied  by  pressures  far  beyond  the 
level  any  combustion  chamber  could  withstand,  is  not 
promising  for  this  purpose.  Another  regime  adjoining 
the  burning  phase  at  the  low  reaction  side  and  de- 
tonation on  the  rapid  reaction  side,  the  instationary 
deflagration  regime,  is  more  adequate  for  solving  the 
problem  of  higher  burning  rates.  One  could  also 
define  tlvis  regime  as  “accelerated  burning”  or  “re- 
tarded detonation.”  The  pending  problem  is  to  turn 
the  reaction  process  appearing  only  as  a transition 
phase  into  a stationary  process. 


rhe  following  oasic  possibilities  exist  in  principle 
for  the  accelerated  burning  or  retarded  detonation 
respect  h'ely,  Fig.  3: 

• The  detonable  material  will  be  phlegmatized  by 
inert  material  in  such  a way  that  live  detonation 
phase  is  not  reached  any  more  but  burning  is 
increased  substantially  such  that  a “stable 
regime”  of  deflagration  is  obtained. 

• It  is  very  difficult  to  control  the  transition, 
phase  by  additives,  as  the  burning  rate  increases 
rapidly  with  increasing  pressure.  Therefore  a 
possible  means  to  limit  the  pressure  to  adequate 
levels  is  to  insert  inactive  barriers  into  the  pro- 
pellant. 

® It  is  known  that,  the  detonation  results  in  a 
highly  directed  very  rapid  flow,  which  cannot 
run  around  a given  edge  with  deliberately  small 
radius  of  curvature.  This  fact  may  be  used  to 
decrease  the  reaction  velocities  in  order  to  stay 
within  the  limits  of  a stable  deflagration  regime. 

f 

In  some  basic  experiments  all  three  possibilities 
were  checked.  Six  matesials,  as  shown  in  Fig.  4,  were 
investigated  in  a first  step. 

RETARDFD  DETONATION  OF  THE 
HOMOGENEOUS  TYPE 

The  experimental  set  up  consists  of  a perspex 
body  with  the  cross  section  of  70  X 70  mm2  and  180 
mm  length  with  a central  bore  of  32  mm  diameter. 
Top  and  bottom  were  covered  by  10  respectively  20 
mm  thick  steel  discs.  Burst  membranes  of  0. 1 mm 
copper  foil  close  simple  holes  of  8, 16  and  32  mm 
diameter  at  the  end  where  ignition  is  started.  In  some 
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cases  we  did  not  have  holes  for  the  depressuration  at 
all,  Fig.  5.  The  reaction  was  started  by  the  squib  Mk 
1 , 3.4  gramms  lightly  packed  and  2.8  gramms  pressed 
blackpowder.  The  explosive  material  to  be  tested  was 
filled  into  the  reaction  chamber  under  slight  shaking 
resulting  in  an  adequately  low  loading  density.  The 
flanges  were  fixed  with  4 or  6 rigid  bolts 

Tire  events  were  observed  by  means  of  HYCAM 
and  a rotating  mirror  camera  (Type  CORDIN  modeil 
330)  and  were  registered  in  frames  and  streak  record- 
ings. The  HYCAM  was  operated  at  13  000  to  16  000 
f/s  and  at  writing  speeds  of  about  50  m/s  for  the 
streak  recordings.  The  rotating  mirror  camera  on  the 
other  hand  was  run  at  about  500  000  f/s  and  at  3 000 
m/s  streak  writing  speed. 

The  evaluation  of  the  HYCAM  recordings  yields 
run-up-times  of  4 to  10  ms  depending  on  type  of 
material,  grain  size  and  free  hole  diameter.  The  corre- 
sponding distances  within  the  sample  up  to  the  onset 
of  the  detonation  or  the  break-up  of  the  test  chamber 
are  situated  in  the  range  between  30  and  140  mm 
including  the  case  where  the  chamber  was  completely 
closed,  Figs.  6 and  7. 

Detonation  was  observed  only  in  the  case  of 
PETN,  in  the  rest  of  the  cases  the  chamber  just  broke 
up.  HYCAM  streak  recordings  are  shown  in  Fig.  8. 

In  the  upper  part  of  the  figure  we  see  the  result  of  a 
test  with  RDX  with  grain  size  <200  p in  a completely 
closed  reaction  chamber.  After  a run  up  time  of  5,5 
ms  corresponding  to  a distance  of  about  30  mm  a 
very  strong  reaction  occurred  accompanied  by  the 
break-up  of  the  chamber. 

In  the  lower  part  of  Fig.  8 we  see  the  recording  of 
a test  with  PETN  of  grain  size  <500  p,  which  turned 
into  a detonation  after  a run-up-time  of  1 1 ms  corre- 
sponding to  a run-up-distance  of  70  mm.  Beneath  the 
streak  photo  the  resulting  reaction  velocities  are 
noted. 

The  transition  zone  from  deflagration  to  detona- 
tion of  PETN  sample  is  shown  magnified  in  Fig.  9. 
Here  it  is  possible  to  compare  the  HYCAM  streak 
recordings  at  a streak  writing  speed  of  42  m/s  with 
the  streak  recording  of  the  rotating  mirror  camera 
taken  at  a writing  speed  of  560  m/s.  From  the  re- 
cordings you  can  see  the  onset  of  the  detonation  in 
forward  direction  and  a clear  cut  reaction  wave  prop- 
agating backward  into  the  partly  burnt  PETN. 


Figure  10  again  shows  the  rotating  mirror  streak 
recording  in  a view  where  the  different  reaction 
phases  are  pointed  out.  Since  the  initiation  starts 
near  the  center  of  the  cylindrical  sample  and  because 
of  the  spherical  shape  of  the  detonation  wave  we 
record  on  the  streak  photo  a phase  velocity  on  the 
surface,  which  is  greater  than  the  actual  velocity  of 
the  detonation  wave.  This  region  is  often  referred  to 
as  super  detonation.  Adjacent  to  the  region  of  phase 
velocity  on  the  streak  photo  the  streak  line  represents 
the  time— distance  history  of  the  stationary  detona- 
tion wave.  Of  vital  interest  is  a two  phase  regime, 
where  a backward  detonation  or  retonation  wave 
propagates  into  the  partly  burnt  part  of  the  explosive 
medium  and  a second  wave  propagaics form  of  a 
reaction  wave  into  the  burnt  section  of  the  PETN. 

The  retonation  wave  has  a propagation  velocity  of 
3 650  m/s  and  the  reaction  wave  propagates  with  a 
velocity  of  2 3 1 0 m/s. 

TESTS  WITH  INSERTED  BARRIERS 

The  propagation  of  shock  waves  in  inert  bodies  as 
well  as  run-up-time  and  run-up-distance  of  the  re- 
action wave  up  to  the  detonation  of  the  explosive 
charges  as  a function  of  shock  wave  pressure  have 
been  subject  of  extensive  studies  so  far.  These  experi- 
ments were  done  in  a set  up  as  shown  in  Fig.  1 1 . 
Figure  12  shows  a typical  recording  and  evaluation, 
where  similar  events  in  the  acceptor  charge  are  re- 
corded as  earlier  mentioned.  These  events  are  sudden 
transitions  of  the  reaction  wave  into  a detonation 
wave  in  the  center  of  the  acceptor  charge,  a so  called 
super  detonation  and  a retonation  at  the  surface  of 
the  explosive  charge.  As  an  example  we  present  in 
Fig.  13  the  run-up-distances  of  different  pressed  and 
casted  explosive  charges  versus  the  thickness  of  the 
barrier.  In  this  type  of  set  up  a defined  shock  wave 
pressure  of  the  detonation  of  the  donor  charge~a 
tetryl  booster— is  coupled  to  the  barrier. 

TESTS  WITH  SCHIKANES 

As  mention  '4  earlier  tire  detonation  wave  cannot 
run  around  an  obstacle  having  deliberately  small 
radius  of  curvature.  This  phenomena  is  tied  to  the 
fact  that  the  detonation  is  inherently  linked  to  a 
flow,  which  in  the  first  place  builds  up  a correspond- 
ing ram  pressure  only  in  the  direction  of  the  flow. 
According  to  this  model  some  other  phenomena  may 
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be  explained.  On  the  other  hand  this  effect  can  be 
used  to  interrupt  the  detonation  or  slow  down  the 
reaction  rate. 

In  basic  experiments  detonability  of  cas'tcd  TNT/ 
RDX  explosive  charges  of  the  composition  35/65 
were  tested.  The  initiation  was  inserted  into  a coaxial 
bore  of  8 mm  diameter  within  a cylindrical  explosive 
charge  with  various  outer  diameters.  The  initiation 
chain  consisted  of  an  electrical  detonator  UK  20, 
detonator  F8A  and  a booster  of  II  5 (RDX  with  5% 
wax)  having  a diameter  of  8 mm  and  a length  of  15 
mm.  The  space  adjacent  to  the  booster  was  filled 
vith  an  aluminum  rod  of  8 mm  diameter,  the  bore  on 
the  side  of  the  electrical  detonator  was  left  open,  Fig. 
14.  The  streak  recording  of  a test  with  a cylindrical 
high  explosive  charge  of  25  mm  outer  diameter  shows 
that  a forward  detonation  but  no  backward  detona- 
tion occurred. 

This  fact  can  also  be  clearly  seen  on  the  framings 
in  the  upper  part  of  Fig.  15.  However,  if  we  regard 
the  streak  recording  from  a cylindrical  explosive 
charge  of  64  nun  outer  diameter  (Fig.  15,  lov.er  part), 
we  find  forward  detonation  as  well  us  retonation.  The 
critical  diameter  at  which  retonation  does  not  occur 
anymore  was  found  to  be  about  42  mm  for  this  type 
of  high  explosive  charge.  This  corresponds  to  a wall 
thickness  of  17  mm. 

The  diagram,  Fig.  16,  presents  the  location  of  the 
detonation  breakthrough  to  the  surface  of  the  ex- 
plosive charge  as  a function  of  wall  thickness,  along 
with  the  length  of  retonation  visuable  on  the  respec- 
tive streak  recordings.  The  effect  of  the  locally  de- 
layed onset  of  the  detonation  wave  after  passing  a 
curved  obstacle  can  already  be  seen  on  the  photo 
showing  an  aluminum  rod,  Fig.  17.  The  part  which 


was  in  direct,  contact  with  the  booster  charge  exhibits 
a relatively  smooth  surface.  Only  after  a distance  of 
about  12  nun  the  surface  gets  rough  in  a manner 
typical  for  detonative  loading.  In  other  words,  this  is 
a dire ;t  projection  of  the  run-up-distance  of  12  mm. 

This  effect  is  also  observed  with  thin  foils  of  ex- 
plosive material  (85%  PETN)  which  detonates  around 
an  edge.  Again  we  get  an  area  of  smallest  radius  of 
curvature  in  the  order  of  magnitude  of  about  10  mm 
close  to  the  edge  which  does  not  react  detonative. 
This  effect  has  been  used  already  for  detonative  valve 
arrangements  (1).  We  have  visualized  this  on  the 
recordings  of  the  detonation  of  a 2 mm  thick  ex- 
plosive foil,  Fig.  18.  Besides  the  other  possibilities 
mentioned,  this  schikane-cffcct  can  be  used  to  con- 
trol the  deflagration  regime  in  the  earlier  sense  men- 
tioned in  this  paper. 

SUMMARY 

Ideas  and  some  possible  solutions  wore  discussed, 
on  how  the  detonation  starting  after  a certain  run-up- 
distance  may  be  stopped  and  the  reaction  depressed 
by  the  use  of  barriers  and  schikancs  to  such  a level 
that  reaction  velocities  arc  attained  which  arc  far 
beyond  the  burning  rates  of  ordinary  solid  propel- 
lants. 
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DEFLAGRATION-TO-DETONATION  TRANSITION  STUDIES  FOR  TWO 
POTENTIAL  ISOMERIC  CAST  PRIMARY  EXPLOSIVES* 


C.  M.  Tarver,  T.  C.  Goodale,  R.  Shaw.t  and  M.  Cowperthwaite 
Stanford  Research  Institute 
Menlo  Park,  California  94025 


A combined  experimental  and  theoretical  study  of  the  deftagra lion- to-detonat ion 
transition  (DDT)  was  undertaken  for  two  potential  isomeric  cast  primary  explo- 
sives, I -mcthyl-5-nitrotetrazole  (l-MNT)and  2-methyl-5-nltrotctrazole  ( 2-MNT), 
The  measured  threshold  voltages  for  ignition  by  a hot  bridgewire  were  110  volts  for 
cast  2-MNT  and  375  volts  for  cast  1-MNT.  Critical  times  and  distances  for  DDT  in 
cast  2-MNT  of  8 ps  and  2-3  mm,  respectively,  were  determined  by  performing  expe- 
riments on  charges  of  different  lengths.  In  the  theoretical  study,  Macek 's  model  for 
DDT  in  cast  explosives  was  modified  to  provide  a more  realistic  treatment  of  the 
accelerating  flame.  Calculations  were  made  with  the  deflagration  treated  as  a reac- 
tive discontinuity  whose  burnt  state  satisfied  either  the  Chapman-Jouguet  (Cl) 
condition  or  the  condition  of  zero  particle  velocity  to  determine  upper  and  lower 
limits  for  the  deflagration  velocity  as  functions  of  pressure  in  the  unburned  explo- 
sive. The  predicted  limes  and  distances  for  DDT  in  cast  pentolite  and  crystalline 
lead  azide  agree  well  with  the  meager  experimental  data  available. 


INTRODUCTION 

The  long-range  objective  of  the  present  combined 
experimental  and  theoretical  program  is  to  develop  a 
relationship  between  chemical  structure  and  primary 
explosive  behavior  as  a research  tool  for  assessing  the 
potential  of  primary  explosives.  After  numerous  dis- 
cussions with  experts  in  the  field  of  explosives  and  an 
extensive  literature  review,  a research  plan  was  de- 
veloped ( 1 ),  which  is  based  on  the  following  con- 
clusions: 

• The  most  important  distinction  between  a 
primary  and  a secondary  explosive  is  that  a 
primary  explosive  undergoes  very  much  faster 
deflagration-to-detonation  transition  (DDT). 


♦This  work  was  performed  for  the  VS.  Naval  Sea  Systems 
Command  under  Contract  NOOO-24-76-C-5329. 

' Present  address:  1 1 62  Quince  Avenue,  Sunnyvale,  Califor- 
nia 94087. 


• The  difference  between  primaries  and  sec- 
ondaries is  one  of  degree  rather  than  kind; 
therefore,  all  that  has  been  learned  about  DDT 
in  secondaries  can  be  applied  to  primaries. 

• It  will  be  easier  to  develop  a quantitative  model 
for  DDT  in  cast  explosives  than  in  porous 
explosives. 

The  fust  assumption  is  based  on  the  prime  func- 
tions of  primary  and  secondary  explosives.  Primaries 
are  required  to  detonate  rapidly  when  ignited, 
whereas  detonations  in  secondaries  are  initiated  by 
shock  waves.  In  general,  the  faster  the  DDT,  the 
better  the  primary.  This  rapid  DDT  of  a primary  is 
t»lso  its  weakness  because  accidental  initiation  of 
deflagration  will  result  in  detonation. 

The  second  assumption  is  based  on  observations  of 
the  many  tl polarities  between  primary  and  secondary 
explosives  (2).  Both  primaries  and  secondaries  will 
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undergo  DDT,  although  the  transition  takes  longer 
and  requires  heavier  confinement  for  secondaries. 

The  existence  of  near  primaries,  such  as  some  of  the 
hydroxynhroaromatic  compounds,  and  sensitive 
secondaries  like  PETN  suggests  that  there  may  be 
many  other  compounds  between  the  main  body  of 
primaries  and  the  main  body  of  secondaries  that  have 
received  little  attention  because  there  is  no  obvious 
practical  use  for  them. 


The  third  assumption  is  based  on  the  res’dts  of 
DDT  research  on  secondary  explosives.  A first- 
generation  model  that  gives  order  of  magnitude 
agreement  with  experimentally  determined  times  and 
distances  for  DDT  in  cast  secondaries  has  been 
formulated  by  Macek  (3).  No  equivalent  model  of 
DDT  in  porous  secondaries  exists.  The  work  of 
Berncckcr  and  Price  (4)  indicates  that  tire  formation 
of  a convective  flame  front  over  a large  surface  area 
and  a resulting  complex  flow  field  precede  DDT  in  a 
porous  explosive.  Because  of  the  current  research 
effort  on  DDT  in  porous  explosive-based  propellants, 
a clearer  understanding  of  the  role  of  convective 
burning  in  DDT  in  porous  explosives  may  eventually 
be  developed,  However,  at  present,  the  basic  physical 
processes  involved  in  DDT  have  been  determined 
only  for  cast  explosives  in  which  convective  burning 
docs  not  occur. 


The  first  experimental  task  in  this  research  plan  is 
to  measure  the  threshold  voltages  for  hot  bridgcwlrc 
initiation  and  the  times  and  distances  for  DDT  In  two 
potential  isomeric  cast  primary  explosives,  1 -methyl- 
5-nitrotctrazole  (1  -MNT)  and  2-methyl-5-nltro- 
tetrazole  (2-MNT).  Isomeric  cast  explosives  are  most 
convenient  for  isolating  the  effects  of  chemical 
structure  in  primaries  because  isomers  have  different 
molecular  structures  but  essentially  the  same  physical 
properties;  because  inhomogen'ities  leading  to 
increased  sensitivity  are  minimized  by  the  casting 
process;  and  because  the  mechanism  of  DDT  is  more 
fully  understood  in  cast  explosives  than  in  porous 
explosives.  The  first  theoretical  task  is  to  analyze 
Macek’s  model  for  DDT  in  cast  secondary  explo- 
sives and  apply  it  to  DDT  in  cast  primaries.  This 
paper  presents  the  experimental  DDT  measurements 
for  cast  1 -MNT  and  cast  2-MNT  and  a modified 
version  of  Macek’s  model  that  provides  a more  realis- 
tic treatment  of  accelerating  flames. 


DDT  MEASUREMENTS  ON  CAST  1-MNT 
AND  2-MNT 

The  threshold  voltages  for  ignition  were  measured 
for  cast  1 -MNT  and  2-MNT  by  using  the  technique 
developed  by  Leopold  (5)  and  modified  by  Goodaic 
(6).  The  initiator  plug  and  charge  holder  arc  shown 
in  Fig.  1.  The  bridgewircs  were  1-mil  Nichromc 
wires  soldered  across  the  center  of  the  charge  holder. 


A plastic  monofilament  light  pipe  of  40-mils  diameter 
was  placed  in  the  phenolic  plug  with  its  upper  surface 


Fix.  Ji-  Deflagration  and  Particle  Velocities.  1),  W - ut 
(u2  - 0);  2).  W - Uj  (a);  3).  u,;  Tarver,  e t al,  4).  W-u, 
(u2“  0),  Coffey  atid  Jacobs.  5).  Laminar  flame  velocity 
(approximate). 

Fig.  1.  Initiator  Plug  and  Charge  Holder 
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immediately  under  the  bridgewire  to  determine  the 
time  of  initiation  of  burning  in  the  explosive  by 
observing  the  first  light  emission  near  the  bridgewi.e. 

A second  light  pipe  was  inserted  into  the  top  of  the 
charge  holder  and  piaced  directly  on  the  upper  sur- 
face of  the  cast  explosive  to  detect  the  light  emitted 
by  the  detonation  wave  as  it  reached  the  top  of  the 
charge.  A capacity -discharge  firing  circuit  was  used 
to  ignite  the  explosive  charges.  The  waveform  of  the 
current  discharge  through  the  bridgewire,  as  repre- 
sented by  the  voltage  drop  across  n constant  non- 
inductive  resistance  close  to  the  bridgewire  in  the 
bridgewire  in  the  circuit,  was  monitored  in  each  test 
on  an  oscilloscope.  Reproducible  current  pulses  free 
from  anomalous  irregularities  required  the  use  of  a 
vacuum  fix  this  “switch  of  high”  current  capacity. 

The  resistance  of  each  bridgewire  was  measured  before 
each  test  to  ensure  that  the  bridgwire  connections 
remained  intact  and  thai  the  resistance  remained  in 
the  normal  range  of  4.5  to  7.5  ohms. 

Accurately  weighed  5-,  10-,  20-,  and  40  mg 
charges  ot  I -MNT  and  2-MN'f  were  transferred  into 
charge  holders  and  pressed  at  5000  psi.  These  pressed 
charges  were  then  melted  to  obtain  cast,  fully  dense 
charges.  The  resulting  cast  2-MNT  charges  had 
extremely  flat  upper  surfaces  and  an  average  density 
of  1 .672  g/cm3.  Considering  the  small  weights 
(5-40  mg)  and  measured  charge  lengths  (0.5-5  mm), 
this  average  density  was  in  good  agreement  with  the 
literature  value  (7)  of  1 .64  g/cm3. 

Because  of  its  low  melting  point  (58°C  compared 
with  86°C  for  2-MNT),  molten  1-MNT  cooled  rela- 
tively slowly  and  exhibited  a large  degree  of  super- 
cooling before  solidifying  into  a glass.  By  using  a 
faster  cooling  rate,  fully  dense,  crystalline  charges  of 
! -MNT  were  finally  produced  in  the  forms  of  micro- 
crystals  and  relatively  coarse  crystals.  All  these  forms 
of  cast  1-MNT  (glassy,  microcrystalline,  and  coarse 
crystalline)  were  tested.  The  average  density  of  the 
cast  1 -MNT  charges  ( 1 .775  g/cm3)  closely  agreed 
with  the  value  of  1 .76  g/cm3  predicted  by  the  group 
additivity  approach  (2). 

Since  both  cast  1-MNT  and  2-MNT  were  found  to 
be  somewhat  transparent  to  light,  the  tops  of  all 
charges  were  blackened  with  a thin  film  of  India  ink 
to  prevent  premature  triggering  of  the  upper 
phot  ultiplier  by  light  transmitted  from  inside  the 
reacting  charge  before  the  detonation  wave  reached 
the  top  surface  of  the  charge. 


Two  series  of  cast  20-mg  charges  were  fired  at 
various  capacitor  charging  voltages  to  determine  the 
threshold  voltages  for  initiation  of  I -MNT  and 
2-MNT.  For  cast  2-MNT,  the  threshold  voltage  for 
20-mg  charges  was  approximately  100  volts,  while 
discharges  of  1 10  volts  reliably  detonated  every 
20-mg  cast  2-MNT  charge  fired.  Therefore,  capacitor 
charging  voltages  of  1 10  volts  were  used  to  make  the 
quantitative  measurements  of  time  for  DDT  as  a 
function  of  charge  length  for  cast  2-MNT.  Although 
it  was  expected  that  cast  1 -MNT  would  have  a similar 
threshold  voltage,  cast  MNT  charges  failed  to 
explode  at  capacitor  cha.^ng  voltages  of  less  than 
375  volts  anu  only  one-fourth  of  the  charges  exploded 
at  that  voltage.  In  most  tests,  sufficient  pressure  was 
generated  to  Mow  the  charge  holder  off  the  plug. 
Usually  unreacted  1-MNT  remained  in  the  charge 
holder  and  no  audible  explosive  effects  were  pro- 
duced. At  capacitor  charging  voltages  above  200 
volts,  tiie  light  emitted  by  the  glowing  bridgewire  was 
sufficient  to  trigger  the  sensitive  lower  photomultiplier 
before  the  explosive  actually  ignited.  Thus  the 
measured  times  for  DDT  for  these  high  voltage  tests 
were  upper  limits  because  they  included  the  Ignition 
delay  time  of  cast  1-MNT.  Therefore,  quantitative 
time  to  DDT  versus  charge  length  measurements 
could  not  be  obtained  for  cast  1-MNT.  However,  the 
large  difference  in  threshold  capacitor  charging 
voltages  for  two  cast  isomers,  1 -MNT  and  2-MNT,  is 
an  important  result  because  it  indicates  that  chemical 
structure  can  play  a major  role  in  the  performance  of 
potential  primaries.  Because  the  threshold  voltage  of 
cast  2-MNT  is  approximately  the  same  as  that  of 
pressed  lead  azide  (6),  cast  2-MNT,  based  solely  on 
this  test,  appears  to  be  a promising  candidate  primary 
explosive,  while  cast  1-MNT  appears  to  be  a very  poor 
primary. 

Quantitative  data  on  time  for  DDT  as  a function  of 
charge  length  were  obtained  for  cast  2-MNT  using  a 
capacitor  charging  voltage  of  1 10  volts.  These  cast 
charges  varied  in  weight  from  4 to  47  mg  and  in 
length  from  0.4  to  5 mm.  Charges  weighing  less  than 
5 mg  failed  to  detonate,  while  approximately  two- 
thirds  of  the  10-mg  charges  detonated.  Charges 
exceeding  20  mg  definitely  detonated  and  damaged 
the  aluminum  charge  holder  to  roughly  the  same 
extent  as  an  equivalent  mass  of  pressed  lead  azide. 

The  experimental  results  for  the  fifteen  cast  2-MNT 
charges  that  produced  good  oscilloscope  records  are 
summarized  in  Table  1 . The  actual  oscilloscope 
records  of  one  of  these  shots  (Shot  2M-19  in  Table  1) 
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are  reproduced  as  Fig.  2.  Figure  2a  is  the  dual-beam 
oscilloscope  record  of  the  bridgewire  current  wave- 
form and  the  light  produced  by  the  ignition  of  cast 
2-MNT  near  the  bridgewire.  Practically  all  of  the 
energy  from  the  capacitor  discharge  was  deposited 
in  the  bridgewire  in  4-6 /awe,  and  ignition  occurred 
12  Msec  after  the  discharge  began.  The  average  time 
from  the  beginning  of  the  energy  pulse  to  the  onset 
of  burning  for  the  cast  2-MNT  charges  listed  in  Table 
1 was  13.7  M sec.  The  corresponding  time  to  ignition 
for  pressed  *ead  azide  at  10S.9  volts  was  on  the  order 
of  SO  (ise c (6).  Figure  21  is  the  single-beam  oscillo- 
scope record  of  the  light  output  detected  by  the 
lower  photomultiplier  after  it  had  been  triggered  by 
the  first  light  of  Ignition  near  the  bridgewire.  A 
reference  pulse  with  a 0.6-Msec  time  delay  and  a time 
delay  circuit  of  1 .57  Msec  for  the  trace  allowed  obser- 
vation of  the  entire  lower  photomultiplier  output 
with  a known  time  reference. 

Figure  2c  represents  the  single-beam  oscilloscope 
record  of  the  light  output  detected  by  the  upper 

TABLE  1 


Summary  of  Time  to  Ignition  and  Time  for 
DDT  Experiments  on  Cast  2-MNT 


Charge 

Number 

Capacitor 

Charging 

Voltage 

(volts) 

Charge 

Length 

(mm) 

Time  to 
Ignition 
of 

Charge 

Ousec) 

Time  from 
Ignition  to 
Detection 
of  Light 
at  Top 
of  Cliarge 
(M*«c) 

2M-16 

110 

0.488 

12.8 

4.4 

2M-27 

110 

0.632 

>20.0 

2.6 

2M-26 

110 

0.904 

16.0 

2.4 

2M-24 

no 

1.214 

19.0 

4.0 

2M-10 

no 

1.621 

12.4 

2.0 

2M-14 

no 

1.717 

12.5 

2.0 

2M-33 

150 

1.796 

>10.0 

3.6 

2M-45 

no 

1.923 

11.2 

2.7 

2M-35 

no 

1.991 

13.1 

3.2 

2M-34 

100 

2.042 

13.5 

6.3 

2M46 

no 

2.223 

12.2 

1.9 

2M-37 

no 

4.270 

15.8 

8.8 

2M-19 

no 

4.425 

11.8 

8.6 

2M-38 

135 

4.493 

— 

7.5 

2M-20 

no 

4.877 

143 

9.0 

photomultiplier  after  it  had  been  triggered  by  the 
ignition  of  the  charge.  The  0.6  Msec  reference  peak 
also  appeared  on  this  record,  which  measured  the 
time  between  ignition  and  the  appearance  of  light  at 
the  top  of  the  charge.  This  light  was  assumed  to  be 
caused  by  a detonation  wave  produced  inside  the 
charge  that  propagated  through  the  remainder  of  the 
charge.  The  measured  time  was  then  taken  as  the 
time  for  DDT  for  that  charge.  The  time  for  DDT  in 
Fig.  2c  is  8.6  Msec.  The  mean  time  for  DDT  and  the 
standard  deviation  from  this  mean  for  the  fifteen 
cast  2-MNT  charges  listed  in  Table  1 were  found  to 
be  4,60  and  2.68  Msec,  respectively.  These  values  are 
compared  with  previously  determined  values  (6)  for 
three  other  primaries  in  Table  2.  All  of  the  primaries 

TABLE  2 


Comparison  of  Time  for  DDT  Measurements  for 
Cast  2-MNT  with  Other  Primary  Explosives 


Primary  Explosive 

Lead 

Azide 

Lead 

Styph- 

nate 

FDIPAM 

Cast 

2-MNT 

Number  of 
charges  fired 

20 

29 

27 

15 

Capacitor  volt- 
ages, volts 

105.9 

67.8 

131.2 

110.0 

Average 
charge 
length,  mm 

1.43 

1.94 

2.74 

2.31 

Average 

density, 

g/cm3 

2.33 

1.88 

1.36 

1.67 

Mean  times 
from  igni- 
tion to  de- 
tection light 
at  the  top 
of  the 

charge,  Msec 

0.65 

11.20 

9.81 

4.60 

Standard  de- 
viations of 
times  from 
ignition  to 
detection  of 
light  at  the 
top  of  the 
charge 

0.115 

1.110 

1.660 

2.68 
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Bridgewire  Current  Waveform 
Horizontal  Scale:  2 /isec/cm 
Vertical  Scale:  0.2  volts/cm 

Photomultiplier  Monitoring 
Light  Near  Bridgewire 
Horizontal  Scale:  2 pisec/cm 
Vertical  Scale:  0.2  volts/cm 


Lower  Photomultiplier 
Triggered  By  First  Light 
Near  Bridgewire 
Horizontal  Scale:  0.5  psec/cm 
Vertical  Scale:  0.2  volts/cm 
Reference  Peak  At  0.6  psec 
Time  Delay  Of  1.57  psec 


Upper  Photomultiplier 
Triggered  By  First  Light 
Near  Bridgewire 

Horizontal  Scale:  1 /usec/cm 
Vertical  Scale:  0.2  volts/cm 
Reference  Peak  At  0.6  psec 


Fig.  2.  Oscilloscope  Records  for  Shot  2M- 19 


tested  in  this  apparatus  exhibited  significant  standard 
deviations  in  time  for  DDT.  The  absence  of  confine- 
ment on  the  upper  surface  of  the  explosive  may 
result  in  upward  movement  of  the  charge  during 
deflagration.  This  motion  could  contribute  to  the 
variation  in  burning  times.  Cast  2-MNT  exhibits  a 
much  larger  standard  deviation  in  the  times  for  DDT 
than  the  other  three  primaries.  However,  its  mean 
time  for  DDT  is  less  than  that  of  lead  styphnate  and 
FDIPAM  and,  therefore,  cast  2-MNT  qualifies  as  a 
good  primary  based  on  relative  DDT  times. 

Ideally,  the  standard  deviation  in  the  times  for 
DDT  for  charges  of  equal  length  is  small,  and  a plot  of 
times  for  DDT  at  various  charge  lengths  yields  two 
lines  of  distinctly  different  slopes.  For  charge  lengths 
less  than  the  critical  length  for  DDT,  the  times  for 
DDT  increase  rapidly  with  charge  length  because  the 
entire  charge  is  consumed  by  the  deflagration  wave. 
For  longer  charges,  the  detonation  wave  propagates 
at  a high  velocity  over  some  distance  in  the  charge, 
and  the  times  for  DDT  increase  very  slowly  with 
charge  length.  The  relationship  between  time  for 


DDT  and  charge  length  for  these  longer  charges 
would  yield  a good  estimate  of  the  detonation 
velocity  in  such  an  ideal  primary. 

The  experimental  times  for  DDT  listed  in  Table  1 
for  cast  2-MNT  are  plotted  as  a function  of  charge 
length  in  Fig.  3.  The  times  for  DDT  vary  greatly  for 
charge  lengths  of  less  than  2 mm,  while  the  times  for 
DDT  for  4-5  mm  charges  appear  to  be  more  consist- 
ent. The  longer  charge  (Shot  2M-38),  which  had  a 
relatively  short  time  for  DDT  (7.5  psec),  failed  to 
ignite  at  1 10  volts  and  was  fired  a second  time  at 
1 35  volts.  This  double  firing  probably  affected  the 
performance  of  this  shot.  Omitting  this  result,  a 
straight  line  with  a slope  of  3 mm/psec  is  drawn  in 
Fig.  3 through  the  results  for  the  remaining  three 
longer  charges.  The  detonation  velocity  of  cast 
2-MNT  is  considerably  higher  than  3 mm/psec  [a 
TIGER  code  calculation  (2)  resulted  in  a detonation 
velocity  of  7.8  mm/psec] , but  the  scatter  in  the 
measured  times  for  DDT  prohibits  an  accurate 
determination  of  the  detonation  velocity. 
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CHARGE  LENGTH  — mm 

Fig.  3,  Time  for  DDT  as  a Function  of  Charge  Length 
for  Cast  2-MNT 

Using  the  3 mm/Msec  line  in  Fig,  3,  we  can  draw 
another  line  with  a much  less  steep  slope  through  the 
shorter  charge  length  results.  A line  with  a slope  of 
0.1  mm/^sec  is  shown  in  Fig.  3,  although  the  large 
variation  in  times  for  DDT  for  these  charges  prohibits 
any  quantitative  conclusions.  In  fact,  a line  with  a 
slope  of  0.5  mm/psec  (the  dashed  line  in  Fig.  3)  can 
be  drawn  through  all  of  the  data.  However,  three 
observations  Indicate  that  the  time-for-DDT  behavior 
of  cast  2-MNT  is  governed  by  a time-for-DDT  versus 
charge-length  relationship  with  an  abrupt  change  in 
slope  (such  as  the  solid  line  in  Fig.  3).  First,  cast 
2-MNT  charges  of  approximately  1-mm  length 
sometimes  failed  to  explode,  indicating  that  the 
critical  length  for  full  development  of  detonation  is 
more  than  1 mm.  Second,  charges  between  1 .6  and 
2 mm  did  show  a trend  toward  large  increases  in 
time  for  DDT  over  this  small  range  of  lengths.  Third, 
the  three  reliable  sets  of  data  for  4-5  mm  charge 


lengths  showed  the  relatively  small  deviation  (8.8  ± 
0.2  Msec)  typical  of  a fully  developed  detonation 
wave  that  had  traveled  some  distance. 

These  three  observations  lead  to  the  conclusion 
that  the  critical  charge  length  for  DDT  is  approxi- 
mately 2-3  mm  in  this  experiment.  This  critical 
distance  agrees  qualitatively  with  two  results  for  lead 
azide.  In  a thin  flyer-plate  impact  study  of  shock-to- 
detonation  transition  (SDT)  in  pressed  lead  azide, 
Davies  et  al.  (8)  found  that  the  transition  occurred 
between  1 and  3 mm  for  shock  waves  that  did  not 
cause  immediate  detonation  at  the  explosive  surface, 
but  did  cause  buildup  to  detonation  within  the 
explosive  sample.  Chaudhri  and  Field  (9)  concluded 
that  single  crystals  of  lead  azide  less  than  2 mm  thick 
deflagrated  rapidly  but  could  not  make  the  transition 
to  detonation  that  thicker  crystals  made. 


MODIFICATION  OF  MACEK’S  MODEL 
FOR  DDT  IN  CAST  EXPLOSIVES 

Early  work  (10,11)  on  the  transition  from  defla- 
gration (slow  pressure-dependent  burning)  to  detona- 
tion led  to  the  hypothesis  that  the  sequence  of  events 
in  the  transition  can  be  divided  into  three  parts:  a 
rapid  pressure  increase  behind  the  burning  front  that 
sends  compression  waves  through  the  front  and  into 
the  unreacted  explosive,  the  coalescence  of  these 
compression  waves  into  a shock  wave  in  the  unreacted 
explosive  some  distance  ahead  of  the  flame,  and  the 
shock  initiation  of  a detonation  wave  in  the  unreacted 
explosive.  Macek  (3,12-14)  then  developed  a first- 
generation  experimental  and  theoretical  approach  to 
the  study  of  DDT  in  cast  secondary  explosives  that 
included  experimental  measurements  of  the  pressure- 
time  history  in  the  deflagration  region  and  of  the 
time  and  position  where  detonation  first  appeared.  A 
strain  gage  positioned  on  the  outside  of  the  tube  was 
used  to  measure  the  pressure-time  history  in  the 
deflagrating  explosive  near  the  bridgewire.  Ionization 
probes  were  located  at  regular  intervals  to  record  the 
passage  of  the  deflagration  wave  or  compression 
waves  in  the  unreacted  explosive.  The  measured 
pressure-time  rise  was  of  the  form 

P = P0ek‘  (1) 

where  P0  is  the  initial  pressure,  t is  the  time,  k is  an 
experimentally  determined  constant,  and  P is  the 
pressure  in  the  reaction  product  gages.  This  pressure 
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was  assumed  to  be  equal  to  the  pressure  in  the 
unreacted  solid  explosive,  which  obeyed  the  modified 
Tait  compression  equation 


where  pQ  is  the  initial  density,  cQ  is  the  initial  sound 
velocity,  p is  the  density  of  the  compressed  explosive, 
and  n is  a constant  (generally  n - 3).  The  propagation 
of  the  flame  and  its  associated  high-pressure  gases 
into  the  solid  explosive  creates  compression  waves, 

The  mofion  of  these  compression  waves  through  the 

reacted  solid  was  calculated  by  the  method  of 
cnaracteristics  ( 15),  which  is  illustrated  in  a distance- 
time diagram  such  as  Fig.  4. 

When  the  velocities  of  the  compression  waves  were 
calculated  at  various  pressures,  and  drawn  in  Fig.  4 as 
C+  characteristics  (u  + c),  the  characteristics  inter- 
sected at  a distance  of  about  12  cm  into  the  unreacted 
explosive.  This  intersection  of  the  characteristics  was 
assumed  to  represent  the  formation  of  a shock  wave 
of  sufficient  magnitude  and  duration  to  cause  initia- 
tion of  detonation  in  that  region  of  the  solid  explosive, 
Once  initiated,  the  detonation  wave  traveled  through 
the  unreacted  explosive  in  the  direction  of  flame 
propagation  (detonation)  and  also  toward  the  flame 
front  (rctonation). 

Using  this  approach,  Macek  obtained  qualitative 
agreement  between  calculated  times  and  distances 
required  for  DDT  and  observed  times  (~100  psec) 
and  distances  (~1 2 cm)  for  two  cast  secondaries, 
diethylnitramine  dinitrate  (DINA)  and  pentolite  50/ 

50  (3).  Macek  also  attempted  to  explain  the  observed 
exponential  pressure-time  relationship  (Eq.  (1)] 
behind  the  burning  front  on  the  basis  of  one- 
dimensional, adiabatic  flame  model.  This  flame  had  a 
burning-rate  law  of  the  form 

R = 0PX  . (3) 

where  R was  the  burning  rate,  (3  was  a constant  equal 
to  10  cm/sec-kbar,  and  X was  a constant  equal  to  one. 
This  type  of  burning-rate  law  has  been  observed  for 
several  explosives  over  a range  of  ambient  pressures 
up  to  a kdobar  by  Andreev  and  Chuiko  (16).  Macek 
normalized  the  pressure-time  relationship  derived  for 
this  burning-rate  law  to  Eq.  (1)  through  an  adjustable 
proportionality  constant  tliat  included  the  surface 
area  of  the  burning  front. 


Although  Macek’s  approach  gave  qualitative  agree- 
ment with  DDT  experiments  and  contained  many  of 
the  physical  processes  involved  in  DDT,  it  has  several 
weak  points  that  require  modification.  In  the  DDT 
experiments,  Macek  used  strain  gages  placed  on  the 
outside  of  the  tube  to  measure  pressure-time  histories. 
Recent  advances  in  the  use  of  in-material  stress  and 
particle  velocity  gages  make  it  possible  to  use  these 
gages  in  DDT  experiments  on  cast  explosives.  In 
particular,  multiple  Lagrange  particle  velocity  gages 
have  been  successfully  used  in  reacting  explosives 
(17)  and  stress  gages  have  been  used  near  exploding 
bridgewares  to  measure  detonator  output  (18). 
Experiments  using  these  stress  gages  to  measure 
pressure-time  histories  during  DDT  would  quantita- 
tively determine  the  constants  in  Eq.  (1)  for  each 
explosive.  In  addition  to  better  pressure  measure- 
ments, deflagration  velocity  measurements  must  be 
much  more  accurate  than  in  Macek’s  experiments  to 
determine  the  actual  burning  rate  and  surface  area  of 
burning  as  functions  of  time. 

On  the  theoretical  side  of  Macek’s  approach,  three 
problems  exist.  By  assuming  that  the  pressures  in  the 
burned  gages  and  in  the  unrcacted  explosive  were 
equal,  Macek  neglected  the  pressure  drop  across  a 
deflagration  wave,  which  can  be  very  large  if  the 
flame  approaches  a Chapman-Jouguet  (CJ)  deflagra- 
tion. Thus  the  pressure  in  the  unreacted  explosive 
ahead  of  the  flame  may  have  been  much  higher  than 
the  pressures  measured  near  the  bridgewire  in  Macek’s 
apparatus. 


DISTANCE  — cm 

Fig.  4.  Characteristics  Diagram  ( C+)  for  the  Develop- 
ment of  a Compression  Wave  from  Deflagration  in  a 
Rigidly  Confined  High  Explosive  (3) 
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The  second  problem  was  pointed  out  by  Jacobs 
(19),  who  noticed  that  the  linear  pressure-burning 
rate  relationship  derived  by  Macek  cannot  describe 
the  pressure-particle  velocity  buildup  at  pressures 
above  one  kilobar.  A calculation  of  the  magnitude  of 
the  burning  surface  area  showed  that  Macek’s  linear 
pressure/burning  rate  relationship  can  account  for  the 
experimental  pressure/time  relationship  only  when 
the  surface  area  of  the  burning  front  is  20,000  times 
the  original  surface  area  of  the  cast  explosive.  Even 
the  introduction  of  mechanical  means  of  increasing 
the  surface  area  available  to  the  flame,  such  as  frac- 
ture and  induced  porosity,  cannot,  account  for  that 
magnitude  of  surface  area  increase.  Therefore,  the 
actual  burning  rate-pressure  relationship  in  accelerat- 
ing deflagrations  that  cause  detonation  must  be  very 
different  from  the  linear  burning  rate-pressure  law 
observed  for  explosives  burning  at  high  ambient 
pressures  and  low  ambient  temperatures  (16). 

The  third  problem  with  Macck’s  analysis  is  that 
the  momentum  imparted  to  the  burnt  gages  by  the 
deflagration  wave  is  neglected.  In  a closed  tube,  this 
momentum  participates  in  the  flame  acceleration 
mechanism.  Figure  5 shows  the  detonation  and 
deflagration  branches  of  the  Hugoniot  curves  in  the 
pressure-volume  and  pressure-particle  velocity  planes. 
When  the  deflagration  wave  is  ignited  in  a closed 
tube,  it  travels  up  the  tube  burning  the  explosive  and 
creating  a flow  of  burnt  gases  in  the  opposite  direc- 
tion (i.e.,  toward  the  rear  wall).  As  these  gases 
contact  the  wall,  their  kinetic  energy  is  converted 
into  internal  energy.  The  resulting  pressure  increase 
creates  compression  waves  that  interact  with  the 
deflagration  wave,  thereby  establishing  a mechanism 
of  flame  acceleration.  Because  the  accelerating 
deflagration  wave  is  creating  a compression  field  in 
the  unreacted  explosive,  a complicated  nonsteady 
flow  develops. 

This  complex  flow  is  illustrated  by  a series  of 
particle  velocity-distance  diagrams  in  Fig.  6 (20).  In 
Fig.  6,  the  deflagration  wave  is  shown  as  a discon- 
tinuity for  simplicity  but  it  actually  has  a finite 
width.  In  Figures  6a  and  6b,  the  positive  particle 
velocity  of  the  compressed,  unreacted  explosive  is 
less  than  the  negative  particle  velocity  imparted  by 
deflagration,  so  a compression  zone  is  required  to 
bring  the  particle  velocity  to  zero  at  the  rear  bound- 
ary. Figure  6c  shows  the  unique  case  in  which  the 
particle  velocity  lost  in  deflagration  exactly  balances 
the  particle  velocity  previously  gained  in  compres- 


sion. At  later  times,  as  illustrated  in  Fig.  6d,  the 
forward  momentum  is  not  totally  destroyed  by 
deflagration,  and  a rarefaction  wave  is  created  behind 
the  flame  to  satisfy  the  rare  boundary  condition. 
However,  once  the  compression  zone  behind  the 
flame  no  longer  exists,  this  flame  acceleration 
mechanism  also  vanishes.  The  associated  compression 
field  preceding  the  flame  must  then  be  strong  enough 
to  shock-initiate  the  unreacted  explosive  for  DDT  to 
occur. 

Although  an  exact  solution  of  the  complex 
nonsteady  flow  field  resulting  from  deflagration  in  a 
closed  tube  is  extremely  difficult,  two  analytical 
models  of  flame  acceleration  that  provide  upper  and 
lower  deflagration  velocity  limits  have  been  formu- 
lated by  considering  the  nature  of  the  deflagration 
process.  For  a detonation  wave,  the  CJ  state 
represents  the  only  stable  end  state  for  the  products 
(21 ),  but  the  end  state  of  a deflagration  wave  may  be 
represented  by  any  point  on  the  weak  deflagration 


PARTICLE  VELOCITY 
<b)  PRESSURE-PARTICLE  VELOCITY 

Fig.  5.  Pressure-Volume  and  Pressure-Particle 
Velocity  Diagrams  for  Deflagration  and  Detonation 
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Fig.  6.  Particle  Velocity-Distance  Diagrams  for 
Accelerating  Deflagration  Waves 


branch  of  the  Hugoniot  curve  (22),  which  is  bounded 
by  points  A and  CJ'  in  Fig.  S.  Point  A corresponds 
to  a constant  pressure  deflagration  in  which  no 
particle  velocity  is  produced  and  point  CJ'  corre- 
spond: lO  the  maximum  possible  deflagration  and 
partic!  t'e*ouiies  and  pressure  drop. 


condition,  and  all  of  its  states  are  represented  by  Fig. 
6c.  Since  the  change  in  particle  velocity  with  distance 
behind  the  flame  is  zero,  the  change  in  pressure  at 
the  rear  boundary  with  time  must  also  be  zero. 
Although  this  model  conserves  momentum,  it  is  not 
physically  correct  because  it  contains  no  flame  accel- 
eration or  rear  wall  pressure-time  increase  mechanisms 
However,  the  Adams  and  Pack  model  provides  lower 
limits  of  the  deflagration  velocity  and  pressure  drop 
across  an  accelerating  deflagration  wave,  because  any 
faster  deflagration  produces  negative  particle  velocity 
and  thus  possesses  the  buildup  mechanisms. 

The  second  model  of  flame  acceleration  assumes 
that  the  deflagration  is  always  a CJ  deflagration  with 
the  largest  possible  velocity  and  pressure  drop 
associated  with  a certain  initial  pressure.  This  model 
definitely  includes  the  flame-acceleration  and  rear- 
wall  pressure-increase  mechanisms  exhibiting  all  of 
the  flow  situations  shown  in  Fig.  6.  This  CJ  deflagra- 
tion model  was  discussed  for  DDT  in  gases  by  Troshin 
(24).  An  interesting  state  where  the  two  models  pre- 
dict the  same  velocity  and  brunt  gas  pressure  is 
represented  by  Fig.  6c.  For  the  CJ  deflagration,  this 
state  corresponds  to  the  end  of  the  flame  acceleration 
mechanism  of  compression  waves  overtaking  the 
deflagration  wave.  Table  3 shows  '.he  calculated 
properties  of  this  state  behind  a shock  wave  in  cast 
TNT  and  cast  pentolite  50/50.  The  resulting  shock 
pressures,  95  kbar  for  cast  TNT  and  129.5  kbar  for 
cast  pentolite  50/50,  are  too  high  to  indicate  a 
criterion  for  DDT,  because  pentolite,  which  readily 
undergoes  DDT,  has  a shock  sensitivity  of  about  20 
kbar  (25)  and  cast  TNT,  which  does  not  undergo 
DDT,  can  be  initiated  by  a 60-kbar  shock  (17). 

TABLE  3 


Combining  the  flame  acceleration  mechanism  and 
the  properties  of  deflagration  waves  led  to  the 
formulation  of  two  analytical  models  of  flame 
acceleration  that  treat  deflagration  waves  as  reactive 
discontinuities.  One  model,  originally  used  by  Adams 
and  Pack  (23)  for  DDT  calculations  in  gases,  consists 
of  the  compression  region  followed  by  deflagration 
wave  whose  velocity  is  always  such  that  h e forward 
momentum  imparted  to  the  explosive  by  the  compres- 
sion waves  is  exactly  canceled  out  by  the  loss  in 
forward  momentum  caused  by  deflagration.  The 
Adams  and  Pack  model  does  not  require  a rarefaction 
or  compression  wave  to  satisfy  the  rear  boundary 


Conditions  Required  for  a CJ  Deflagration  to  a Zero 
Particle  Velocity  End  State  Behind  a Shock  Wave 


Cast 

TNT 

Cast 

Pentolite 

50/50 

Shock  pressure  in  explosive 
(kbar) 

95.0 

129.5 

CJ  deflagration  velocity 
(mm/jrsec) 

3.116 

3.504 

CJ  pressure  after  deflagra- 
tion (kbar) 

43.5 

63.4 
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Therefore,  some  other  criterion  for  flame  accelera- 
tion determines  whether  a cast  explosive  undergoes 
DDT. 

These  two  analytical  models  of  flame  acceleration 
were  used  to  make  DDT  calculations  for  cast 
pentolite,  which  is  the  only  explosive  for  which  a 
complete  set  of  the  required  data  was  available.  The 
method-of-characteristics  part  of  Macek’s  analysis 
was  used  to  predict  the  time  and  distance  to  shock 
formation  ahead  of  the  flame.  The  pressure-time 
histories  used  were  those  of  Macek  (3)  up  to  one 
kilobar 

P2  = (0.08kbar>°-121  (4) 

and  the  more  recent  data  of  Price  and  Wehner  (25) 
above  one  kilobar 

P2  = (1  kbar)e°'08856{t  ” 2L05)  (5) 

where  P2  is  the  pressure  behind  the  deflagration  and  t 
is  in  microseconds. 

The  conditions  ahead  of  the  flame  were  deter- 
mined by  the  equations  for  an  isentropic  compression 
with  n = 3 in  the  modified  Tait  equation.  The 
equations  for  the  density  p i , particle  velocity  ui , C+ 
characteristics  (uj  + ci),  and  internal  energy  Ej  in 
terms  of  the  pressure  Pj  in  the  compressed  unreacted 
explosive  are 

/ 3pi  Y/3 

Po=^l  1 + — I 1 (6> 

\ w 


Tire  conservation  equations  across  the  deflagration 
wave  are 

(MASS)  Pj(W  - uj)  = p2(W  - u2)  (10) 

(MOMENTUM)  P,  + pj(W  - Uj)2  = P2 

(11) 

+ p2(W-u2)2 
(W-u,)2 

+ +Q  = E2 

(W-u2)2  (12) 

+ 

2 

where  the  subscript  2 denotes  the  state  behind  the 
deflagration  wave,  W is  the  deflagration  velocity  and 
Q is  the  heat  of  reaction.  The  equation  of  state  for 
reaction  products  is 

P2p2K  = constant  (13) 

and 

K P2 

E!tP^'i (14, 

where  K is  the  adiabatic  expansion  coefficient 
determined  at  the  CJ  detonation  state  through  the 
equation 

Po°2 

?cl  = YTi  = 2(K’1)0  <15) 

where  D is  the  detonation  velocity. 


(ENERGY)  E,  + — 
^1 

P2 

+ — 


u 


1 


(7) 


! 3Pi\ 

2 1 + 

1/3 

- 1 

_\  PoCo/ 

(8) 


Ej  - E0  - 


,-2 


2pj 


(9) 


In  the  Adams  and  Pack  model  of  zero  particle 
velocity  behind  the  deflagration,  u2  is  set  equal  to 
zero  and  the  resulting  equation  for  the  deflagration 
velocity  in  terms  of  state  1 is 


W2+^ 

U1 


(K-1XQ  + E!)-  — 


+ 


K - 3 
2 


-(K-l) 


El 


(16) 
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(17) 


The  pressure  P2  and  density  P2  are  then  calculated 
from  Eqs.  (10)  and  (1 1)  with  u2  = 0.  Table  4 lists 
the  input  data  on  pentolite  50/50  required  for  the 
calculations  and  the  calculated  values  of  Uj , Uj  + Cj , 
W,  and  P2  for  various  values  of  Pj , the  pressure  in  the 
compressed,  unreacted  explosive.  As  shown  in  Table 
4,  the  calculated  deflagration  velocities  W are  roughly 
300  times  faster  than  predicted  by  the  linear  pressure- 
burning rate  relationship,  Eq.  (3).  Gibson  and  Macek 
(12)  actually  observed  deflagration  wave  velocities  of 
105  - 2 X 105  cin/sec,  so  these  calculated  velocities 
appear  to  be  of  the  correct  magnitude.  The  closeness 
of  the  values  for  Pj  and  P2  clearly  shows  that  the 
flame  in  the  Adams  and  Pack  model  is  a nearly 
constant  pressure  deflagration  (corresponding  to 
point  A in  Fig.  5)  for  pressures  below  20  kbar. 


The  only  other  quantity  required  for  a distance- 
time  plot  for  DDT  similar  to  that  in  Fig.  4 for 
pentolite  using  this  model  is  the  position  of  the  flame 
front  as  a function  of  time,  x(t),  which  is  derived 
from 


x(t)=  f W(t)  dt 

A) 

where  W(t)  is  determined  from  the  dependence  of  W 
on  P2  in  Table  4 and  the  dependence  of  P2  on  time 
from  Eqs.  (4)  and  (5).  Figure  7 shows  the  resulting 
distance-time  plot  for  pentolite  using  the  Adams  and 
Pack  model  of  deflagration  behind  an  isentropic 
compression.  In  comparing  Fig.  7 with  Fig.  4,  the 
Adams  and  Pack  model  predicts  a much  more  rapid 
deflagration  and  thus  a greater  penetration  of  the 
flame  into  the  explosive.  However,  the  time  and 
distance  required  for  shock  formation  are  approxi- 
mately the  same  in  both  diagrams. 

These  DDT  predictions  must  also  be  compared 
with  those  for  a CJ  deflagration  following  an 
isentropic  compression.  At  the  CJ  state,  W = u2  + c2, 
or 

P2 

(W  - u2)2  = K — (18) 

P 2 


TABLE  4 


Input  Data  for  Pentolite  and  Results  for  Deflagration  Waves  in 
Pentolite  (Adams  and  Pack  Model) 


Pj  (kbar) 

P2  (kbar) 

Uj  (cm/sec) 

W (cm/sec) 

Uj  + C[  (cm/sec) 

1 

0.9998 

2.440  X 103 

2.489  X 103 

2.479  X 105 

2 

1 .9984 

4,831  X 103 

5.023  X 103 

2.527  X 105 

4 

3.988 

9.481  X 103 

1 .0228  X 104 

2.620  X 10s 

7 

6.937 

1.6151  X 104 

1 .8358  X 104 

2.753  X 105 

10 

9.815 

2.249  X 104 

2.700  X 304 

2.880  X 105 

20 

18.75 

4.171  X 104 

5.700  X 104 

3.264  X 103 

30 

26.36 

5.864  X 104 

8.860  X 104 

3.603  X 10s 

40 

32.56 

7.385  X 104 

1.201  X 105 

3.907  X 103 

70 

44.47 

1.1244  X 105 

2.054  X 105 

4.678  X 105 

100 

50.28 

1.4410  X 10s 

2.738  X 105 

5.311  X 105 

123.8 
(CJ  state) 

52.62 

1.6597  X 1C 

3.186  X 105 

5.749  X 10s 

Data  on  Pentolite 
Density  = 1 .67  g/cm3 

C0  = 2.43  X 105  cm/sec 
D=  7.47  X 105  cm/sec 
PCJ  = 259  kbar 
K = 2.598 
Q = 1 .16  keal/g 
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Substituting  Eq.  (1 8)  into  the  conservation  Eqs. 
(1  OX  1 2)  and  solving  for  P2  yields  the  following 
relationship 


P2=  (K-l)p,(0  + E,) 


1-  ,/l- 


(2Q+  2Ej  + Pj/pj)P, 


P,(K2-1KQ  + E,)2 


(19) 


and  solving  for  p2  gives 

(K-1XQ+E,  +P,/Pl) 

P‘2  = — w, 


(20) 


1+  /l  - 


K2(2Q  + 2Ej  +Pi/p,)P, 


Pj^-IXQ+E,  +p,/p,)2 


The  particle  velocity  u2  behind  the  deflagration  and 
the  deflagration  velocity  W are  then  calculated  from 
Eq.  (18)  and 


'KP- 


\l/2 


P 2 


W-Uj  =(W-u2)-  = — - (21) 

1 1 ' P2  } p\ 


Table  S lists  the  calculated  states  for  a CJ  deflagration 
in  iseniropically  compressed  pentolite  at  various 
pressures  and  Fig.  8 is  the  distance-time  plot  for  DDT 
for  the  CJ  deflagration  modei.  The  pressures  P2 


behind  the  CJ  deflagrr'ion  wave  are  much  lower  than 
the  corresponding  values  for  the  Adams  and  Pack 
modei  at  low  initial  pressures  Pj , and  the  CJ  defla- 
gration velocities  are  nearly  twice  as  large  as  those  in 
Table  4.  In  terms  of  the  time  and  distance  to  DDT, 
the  CJ  deflagration  front  moves  a greater  distance 
into  the  explosive,  and  the  shock  formation  occurs  in 
a shorter  time  (about  80  Msec  in  Fig.  8 compared  with 
90  Msec  in  Fig.  7),  whereas  the  distance  to  shock 
formation  increases  (about  14  cm  in  Fig.  8 compared 
with  about  13  cm  in  Fig.  7).  Since  these  two  analyti- 
cal models  represent  upper  and  lower  limits  to  the 
deflagration  rate,  the  critical  time  and  distance  for 
DDT  in  cast  pentolite  50/50  should  be  bracketed  by 
these  results  if  the  isentropic  compression  of  cast 
pentolite  50/50  obeys  Eq.  (2)  with  n = 3.  More  fully 
instrumented  DDT  experments  on  pentolite  are 
required  to  test  the  validity  of  these  results. 

Because  the  objective  of  this  study  is  to  formulate 
a DDT  model  for  primary  explosives,  calculations 
using  the  modified  Macek  model  were  made  for  lead 
azide,  the  only  primary  for  which  some  of  the 
required  data  exist.  The  processes  of  SDT  (8)  and 
DDT  (9)  have  been  studied  to  a limited  extent  in 
lead  azide.  Chaudhri  and  Field  (9)  observed  very  fast 
deflagration  waves  in  hot-wire  initiation  tests  on 
single  lead  azide  crystals  of  thicknesses  below  the 
critical  thickness  for  DDT.  By  photographing  the 
deflagrating  crystals  under  water,  the  velocities  and 
pressures  of  the  shock  waves  produced  in  the  sur- 
rounding water  by  the  rapid  deflagration  of  lead  azide 
were  measured.  These  pressure  data,  combined  with 
Chaudhri  and  Field’s  framing  camera  records  of  the 


Fig.  7.  Distance-Time  Diagram  for  Shock  Formation 
in  Cast  Pentolite  50/50  Using  the  Adams  and  Pack 
Model  of  Deflagration 
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Fig.  8.  Distance-Time  Diagram  for  Shock  Formation 
in  Cast  Pentolite  50/50  Ahead  of  a CJ  Deflagration 
Wave 


I 


ignition  process,  provided  a rough  estimate  of  the 
pressure-time  history  in  the  deflagration  region. 

Chaudhri’s  measurements  (26)  of  the  sound  velocity 
and  shock  initiation  of  lead  azide  crystals  and  Davies' 
measurements  (8)  of  the  unreacted  Hugoniot  and 
sound  velocity  in  lead  azide  pressed  to  a density  of 
3.4  g/cm3  provided  data  on  the  properties  of  lead 
azide  in  the  compression  zone  ahead  of  the  deflagra- 
tion wave.  These  data  were  used  in  the  two  models 
of  deflagration  discussed  in  the  previous  section  to 
make  calculations  of  the  times  and  distances  for  DDT 
in  lead  azide  crystals  and  pressed  lead  azide  and  for 
SDT  in  pressed  azide, 

To  calculate  the  time  and  distance  required  for 
DDT  in  lead  azide  crystals,  the  pressure  data  obtained 
by  Cliaudliri  and  Field  (9)  were  related  to  the  time 
after  ignition.  The  actual!  pressures  measured  were 

TAB/.*  5 

Cl  Deflagration  Wave  Calculations  for  Isentropically 
Compressed  Pentolite 


I 

l 
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Pressures  and  Wave  Velocities  from  Chaudhri  and  Field 's  ( 9) 
Experiments  on  a-Lead  Azide  Crystals 


Crystal 

Thickness 

Oim) 

Lead  Azide 
Deflagration 
Velocity 
(mm/psec) 

Water  Shock 
Velocity 
(mm/psec) 

Water  Shock 
Pressure 
(kbar) 

Calculated 
Lead  Azide 
Pressure 
(kbar) 

2.50 

1.67 

1.3 

5.14 

2.90 

1.72 

2.0 

8.76 

2.62 

1.90 

3.5 

12.85 

P,  (kbar) 

P2  (kbar) 

u2  (cm/sec) 

W (cm/sec) 

1 

0.2799 

-2.044  X 105 

4.500  X 103 

2 

0.5637 

-2.019  X 10s 

8.910  X 103 

4 

1.1426 

-1 .958  X 105 

1.7503  X 104 

7 

2.038 

-1.870  X 10s 

2.986  X 104 

10 

2.966 

-1.732  X 10s 

4.170  X 104 

20 

6.261 

-1 .5253  X 105 

7.767  X 104 

30 

9.835 

-!  .3208  X Id5 

1.0962  X 10s 

40 

13.65 

-1 .1 304  X 10s 

1 3862  X 10s 

70 

26.32 

-6.539  X 104 

2.130  X 105 

100 

38.54  • 

-2.247  X 104 

2.719  X lO3 

123.8 

52.62 

0 

3.186  X 105 

TABLE  6 


those  of  the  shock  waves  produced  in  water  as  the 
lead  azide  deflagration  front  reached  the  end  of  the 
crystal.  The  acoustic  approximation  developed  by 
Deal  (27)  for  a detonation  wave  propagating  into  an 
inert  material  is  used  for  the  pressure  in  the  lead  azide, 
Pla*  8*ven  by 

/ Plaula\ 

p“-pH0-5tiv%)  (22) 

where  P\y  is  the  measured  water  pressure,  is  the 
density  of  the  water,  Uw  is  the  measured  shock 
velocity  in  the  water,  pLA  is  the  measured  density  of 
a-lead  azide  crystals  (4.60  g/cm3),  and  ULA  is  the 
measured  velocity  of  propagation  of  the  reaction 
front  in  the  lead  azide.  Table  6 lists  the  measured 
values  and  the  calculated  pressures  in  the  lead  azide 


crystals.  Since  PLA  is  the  pressure  at  the  front  of  the 
wave,  it  corresponds  to  P| , the  pressure  in  the 
unrcactcd  explosive.  These  pressures  were  related  to 
the  time  after  ignition  by  examination  of  Chaudhri 
and  Field’s  framing  camera  records  of  these  reactions. 
In  these  records,  the  framing  rate  was  0.7  yuseo 
between  frames  and  the  transition  from  ignition  to 
full  development  of  the  steady  deflagration  velocity 
for  a certain  crystal  thickness  took  less  than  one 
frame.  Thus  the  calculated  pressures  Pt  A were 
assumed  to  be  attained  in  less  than  0.7  /usee.  lire 
largest  pressure  Pla  (12.85  kbar)  was  assumed  to  be 
developed  in  exactly  0.7  Msec,  and  the  other  two 
pressures  were  assumed  to  occur  at  times  of  0.7  Msec 
minus  the  difference  in  crystal  thicknesses  divided  by 
tlic  average  deflagration  velocity  (2.7  mrn/Msec)  in 
these  experiments.  The  resulting  pressure-time  curve 
was  of  the  form 

IYa  =i>1  =(01  kbar)c6-94t  (23) 

where  t is  in  microseconds. 

The  particle  velocity  U(  in  the  unrcactcd  lead 
azide  was  related  to  P,  using  the  relationship 

P|*,Poco«i  (24) 

which  was  found  by  Davies  ct  al.  (8)  to  hold  for 
pressed  lead  azide  at  pressures  below  10  kbar. 


Chaudhri  and  Field  (9)  reported  a propagation  rate 
for  a low  amplitude  longitudinal  stress  wave  in  lead 
azide  crystals  of  2.1 5 ± 0.3  mm/psec.  This  value  was 
taken  for  c0  in  these  calculations.  Actually,  if  the 
sound  velocity  is  2.1 5 mm/Mscc,  the  waves  that 
Chaudhri  and  Field  (9)  refer  to  as  fast  deflagration 
waves  arc  supersonic  and  therefore  represent  low- 
velocity  detonation  waves  (LVD)  that  cannot  develop 
into  high-velocity  detonation  (UVD)  because  of  rapid 
pressure  decay  at  the  edges  of  the  crystal.  A 
phenomenon  similar  io  LVD  has  been  observed  by 
Leopold  (28)  for  lead  azide  pressed  to  high  densities 
(3.75  g/cm3), 

Table  7 lists  the  input  data  for  crystalline  lead 
azide  and  the  results  of  calculations  at  various  initial 
pressures  for  the  two  deflagration  models,  the  Adams 
and  Pack  model  and  tlie  CJ  deflagration  model.  The 
calculated  deflagration  velocities  for  both  models  arc 
an  order  of  magnitude  lower  than  those  observed  by 
Chaudhri  and  Field  (9),  while  the  velocities  of  C+ 
characteristics  (u.  + c,)  arc  of  that  magnitude 
(~  2.5  X 10s  cm/scc).  Figures  9 and  10  show  the 
distance-time  diagrams  for  DDT  In  a-lcad  crystals 
predicted  by  the  Adams  and  Pack  and  the  CJ  deflagra- 
tion models,  respectively.  The  calculated  distances 
for  DDT  are  approximately  2 mm.  This  agrees  with 
the  observed  beiiavior  of  lead  azide  crystals  of  varying 
thickness.  Crystals  less  than  2 mm  thick  cannot 
undergo  the  DDT  that  thicker  crystals  readily  make. 


TABLE  7 


Input  Data  for  a-Lcad  Azide  Crystals  and  Deflagration  Velocity  Calculations 


Data  on  a-Lcad  Azide 

p0  = 4.60  g/cm3  K»  3,199 

Q = 1 15  keal/m  = 1 .652  X 1010crg/g  c0  = 2.1 5 mm/pscc 
DDT  Calculations 


Pj  (kbar) 

Uj  (cm/sec) 

Uj  + C|  (cm/sec) 

Adams  and  Pack  Model 
(u2  " 0) 

CJ  Deflagration  Model 

P2  (kbar) 

W (cm/scc) 

P2  (kbar) 

W (cm/sec) 

5.14 

5197 

2.252  X 105 

5.127 

5.711  X 103 

1.269 

1.154  X 104 

8.76 

8857 

2.324  X 105 

8.698 

1.032  X 104 

2.214 

1.943  X 104 

12.85 

1 .299 X IO* 

2.403  X 105 

12.65 

1.608  X 104 

3.325 

2.813  X 104 

25.78 

2.607  X 104 

2.644  X 105 

24.31 

3.712  X 104 

7.080 

5.388  X 104 

101.7 

1.0283  X 105 

— 

38.68 

2.019  X 105 

(CJ  + u2 

= 0 models  coincide) 

Fig.  9.  Distance-Time  Diagram  for  DDT  in  a- Lead 
Azide  Crystals  Using  Adams  and  Pack  Deflagration 
Model 


Fig.  10.  Distance-Time  Diagram  for  DDT  in  a-Lead 
Azide  Crystals  Using  a CJ  Deflagration  Model 


The  calculated  times  to  DDT  are  approximately  2 
psec  and  thus  agree  with  lire  preliminary  results  of' 
Slagg  (29),  who  has  measured  times  for  DDT  of  3 ± 2 
juscc  for  lead  azide  crystals. 

Tire  DDT  calculations  for  crystalline  lead  azide 
exhibit  ordcr-of-magnitude  agreement  with  the 
experimental  results,  and  this  is  all  that  can  be 
expected  at  tire  present  time.  The  exact  nature  of 
the  rapid  deflagration  or  LVD  waves  in  lead  azide 
crystals  is  unknown.  The  framing  camera  records 
of  the  process  indicate  that  some  reaction  occurs  at 
tire  front  of  the  wave  (9).  The  overall  description  of 
DDT  appears  to  be  valid,  but  the  effect  of  reaction 
on  the  characteristics  used  in  the  shock  formation 
part  of  the  model  needs  to  be  considered. 


The  recent  SDT  experiments  on  pressed  lead  azide 
by  Davies  et  al.  (8)  pioneered  the  use  of  stress  gages 
in  thin  flyer  plate  impacts  of  primary  explosives  and 
also  yielded  data  on  the  unreactcd  Hugoniot  and  on 
tire  time  and  distance  for  SDT.  For  lead  azide  pressed 
to  a density  of  3.4  g/cm3,  Davies  found  that  stress 
waves  propagate  at  1 .23  mm/psec,  which  implies  that 
the  Hugoniot  curve  is 

Pj  = 41 .7  Uj  (25) 

For  both  long  pulses  (3.5  pscc)  and  short  pulses  (0.1 
/race),  in  the  6-9  kbar  range,  Davies  (8)  observed  that 
the  transition  to  detonation  took  about  2 pscc  and 
occurred  1-3  mm  into  the  sample  of  pressed  lead 
azide.  To  determine  whether  the  theoretical  approach 
to  DDT  developed  in  this  report  would  predict 
similar  times  and  distances,  this  unrcactcd  Hugoniot 
for  pressed  lead  azide  and  the  pressure-time  rela- 
tionship of  Eq.  (23)  were  used  in  the  CJ  deflagration 
model  to  calculate  the  distance-time  diagram  shown 
in  Fig.  1 1 . This  calculation  predicts  a shorter  time 

,(l-2-P«w)imd  distance  (0.9  mm)  for  pressed  lead 

azide  than  for  crystalline  lead  azide.  This  is  mainly 
due  to  the  lower  sound  velocity  in  pressed  lead 
azide,  which  allows  the  compression  waves  to  over- 
take each  other  more  quickly.  To  compare  a pre- 
diction of  the  CJ  deflagration  model  to  Davies’ 
results,  the  SDT  calculation  shown  in  Fig,  12  was 
made  for  an  8-kbar  shock  that  causes  the  deflagra- 
tion to  begin  about  0.6  pscc  later  in  agreement  with 
liq.  (23).  This  calculation  resulted  in  the  formation 
of  a second  shock  wuve  caused  by  the  crossing  of 
the  characteristics  ahead  of  the  flame.  This  second 


Fig.  11.  Distance-Time  Diagram  for  DDT  in  Pressed 
Lead  Azide  ( pa  - 3.4 g/cm*)  Usinga  CJ  Deflagration 
Model 
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Fig.  12.  Distance-Time  Diagram  for  SDT  in  Pressed 
Lead  Azide 


shock  wave  may  cause  detonation  at  1 .3  /asec  and 
1.1  mm,  or  detonation  may  result  when  the  second 
shock  overtakes  the  initial  shock  at  2.3  /isec  and 
2.8  mm.  Some  of  Davies’  (8)_gage  records  did 
appear  to  detect  two  finite  strength  shocks  at  1 or 
2 mm  into  the  explosive  in  tests  where  detonation 
occurred  at  3-4  mm.  Again  the  order  of  magnitude 
agreement  between  the  SDT  calculation  and  Davies’ 
(8)  results  is  all  that  can  be  expected  at  the  present 
time. 


CONCLUSIONS 

The  main  conclusions  derived  from  the  results  of 
the  DDT  experiments  on  cast  1 -MNT  and  cast 
2-MNT  arc: 

• Cast  2-MNT  is  a much  better  primary  than  cast 
1-MNT  because  2-MNT  charges  were  readily 
initiated  by  a capacitor  charging  voltage  of  1 IQ 
volts,  whereas  1 -MNT  charges  were  rarely 
initiated  even  at  375  volts. 

• Cast  2-MNT  is  a good  primary  ir.  .is  ignition 
and  DDT  properties  since  its  threshold  voltage 
is  ciose  to  that  of  pressed  lead  azide,  its  time  to 
ignition  is  less  than  that  of  pressed  lead  azide, 
and  the  mean  time  required  for  DDT  is  longer 
than  that  of  the  lead  azide  but  shorter  than 
that  of  lead  styphnate. 

• The  critical  length  for  DDT  in  cast  2-MNT  is 
approximately  2-3  mm,  and  the  critical  time 


required  for  the  full  development  of  detonation 
in  the  DDT  process  is  roughly  8 Msec. 

The  analysis  of  Macek’s  model  for  DDT  in  cast 
explosives  revealed  a physically  unrealistic  description 
of  the  accelerating  flame.  Modification  of  Macck’s 
model  to  include  the  limiting  cases  of  a nearly 
constant  pressure  deflagration  and  a CJ  deflagration 
showed  that  the  deflagration  velocities  in  cast 
pentolite  during  DDT  must  be  250-500  times  faster 
than  the  burning  velocities  in  explosives  at  high 
ambient  pressures  (16).  Deflagration  velocities  of 
this  order  of  magnitude  have  been  observed  in  cast 
explosives  by  Gibson  and  Macck  (12)  and  in  porous 
explosives  by  Bernecker  and  Price  (4).  From  the 
results  of  the  DDT  and  SDT  calculations  on  pentolite 
and  load  azide,  it  is  apparent  that  reliable  experi- 
mental data  on  pressure-time  histories  in  the  deflagra- 
tion region,  on  deflagration  velocity,  and  on  shock 
formation  ahead  of  the  flame  are  scarce.  Thus  a good 
test  of  the  modified  Macek  approach  to  DDT  cannot 
be  made  on  primary  or  secondary  explosives.  Well- 
instrurnented  DDT  experiments  on  primary  explo- 
sives are  critically  needed  to  provide  the  next  step 
toward  an  understanding  of  DDT  in  primaries. 
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DISCUSSION 


S.  J.  JACOBS 

U.S.  Naval  Surface  Weapons  Center 

I find  the  authors’  calculations  of  the  deflagration 
speeds  required  to  produce  an  exponentially  rising 
pressure  in  the  unreacted  explosive  most  interesting. 

It  appears  to  me  that  for  each  pressure  in  an  isentropis 
compression  the  authors  have  computed  the  necessary 
deflagration  speed  to  create  that  pressure  for  either 
the  product  state  at  rest  or  the  product  state  satisfy- 
ing the  conditions  of  a CJ  deflagration.  The  solutions 
arc  then  put  together  to  approximate  a continuous 
build-up  relation.  This  is  a novel  approach  which 
appears  to  be  plausible.  Steven  Coffey  and  I have 
solved  a related  problem  to  get  an  estimate  of  the 
deflagration  rates  which  would  be  needed  to  maintain 
a given  pressure  in  a shock  ahead  of  the  burn  rather 
than  in  a compression  wave.  The  model  is  that  in 
Figure  I of  Adams  and  Pack  (authors’  Ref.  23).  The 
input  data  and  equations  which  we  used  are  fairly 
similar  to  those  used  by  the  authors  and  the  results, 
deflagration  speed  as  a function  of  pressure,  arc  not 
too  different  from  the  authors’  results  for  the  case 
where  the  particle  flow  is  zero  behind  the  deflagration. 

I would  like  to  point  out,  however,  that  deflagration 
speed  should  be  defined  relative  to  the  moving  com- 
pressed medium  ahead  of  the  burn.  This  is  the  speed 
which  must  be  related  to  reaction  rates.  In  fact  it 
would  be  more  appropriate  to  use  mass  burning 
rates,  p(W  - uj ),  as  given  in  the  authors’  liquation 
(10)  as  a basis  for  defining  the  decomposition.  This 
is  the  common  practice  in  the  Russian  literature.  My 
figure  shows  the  results  of  the  authors’  work  and  ours 
when  the  rate,  W - U] , is  plotted  against  the  pressure. 
We  sec  that  at  pressures  below  about  20  kilobars  the 
required  burning  rate  varies  approximately  as  the 
square  of  the  pressure  for  the  case  in  which  the  flow 
comes  to  rest  behind  the  deflagration.  The  CJ  rates 
are  considerably  higher  at  these  pressures.  It  seems  to 
me  that  the  CJ  condition  is  unlikely  to  be  approached 
at  the  lower  pressures.  Most  experiments  require  a 
fair  amount  of  confinement  to  establish  DDT  and  this 
confinement,  even  though  not  perfect,  would  limit 
the  flow  behind  the  deflagration  at  low  pressures  to  a 
very  small  value. 


I must  take  exception  to  the  statement  that 
“Macek’s  linear  pressure/burning  rate  relationship 
can  account  for  the  experimental  p - t relation  only 
when  the  surface  area  of  the  burning  front  is  20,000 
times  the  original  surface  area  of  the  cast  explosive”. 

I have  plotted  on  my  figure  the  approximate  linear 
burning  rate  used  by  Macek.  It  can  be  seen  that  the 
linear  burning  rate  curve  would  intersect  the  required 
curve  at  about  300  bars.  The  required  rate  and  corre- 
sponding surface  increase  at  10  kilobars  is  about  50 
to  100  times  that  given  by  the  linear  burning  rate 
curve.  Above  10  kilobars  reaction  initiated  by  the 
shock  or  compression  wave  is  likely  to  make  any  dis- 
cussion of  burning  rates  relatively  meaningless.  In  the 
range  0.3  to  10  kilobars  the  implication  is  that  the 
anomolous  effect  on  mass  deflagration  increases  the 
effective  pressure  exponent  from  one  to  two.  It  is 
unlikely  that  his  increase  can  be  related  to  an  unusual 
reaction  which  starts  with  heat  transfer  us  the  only 
stimulus.  I think  the  mechanical  means  can  account 
for  the  runaway  burn.  Obviously  further  study  is 
needed. 


REPLY  BY  C.  TRAVER 

I would  like  to  clarify  the  final  point  raised  by  Dr. 
Jacobs  concerning  Dr,  Macek’s  attempt  to  account 
for  the  experimental  pressure-time  data  with  a linear 
pressure-burning  rate  relationship.  In  his  original 
DDT  paper  (our  reference  3),  Dr.  Macek  developed  an 
adiabatic  flame  model  based  on  the  linear  pressure- 
burning  relationship  shown  as  line  5 in  Figure  J 1 . 

This  adiabatic  flame  model  was  fitted  to  the  experi- 
mental pressure  history  with  an  adjustable  parameter 
that  included  the  burning  surface  area.  The  numerical 
value  of  this  burning  surface  area  required  to  match 
the  experimental  pressures  was  more  than  20,000 
times  the  original  surface  area  of  the  cast  explosive. 

To  predict  these  experimental  pressure  histories  and 
the  rapid  deflagration  velocities  observed  by  Gibson 
and  Macek  (our  reference  12),  I believe  that  a realistic 
model  of  DDT  in  cast  explosives  should  include  both 
the  mechanical  means  of  increasing  the  burning 
surface  and  an  effective  pressure  exponent  of 
approximately  two. 


ON  THE  MECHANISM  OF  DEFLAGRATION  TO  DETONATION  TRANSITION 
IN  GAS-PERMEABLE  HIGH  EXPLOSIVE 


A.  A.  Sulimov,  B.  S.  Ermolaev,  A.  A.  Borisov 
A,  1.  Korotkov,  B.  A.  Khasainov,  V.  E.  Khrapovsky 
Institute  of  Chemical  Physics 
USSR  Academy  of  Sciences,  Moscow,  117334 


Main  stages  of  deflagration  to  detonation  transition  in  porous  PETN  are  considered , 
including  gas  penetrative  (convective)  burning  (CB)  and  low  velocity  detonations 
(L  VD).  The  propagation  velocity  of  the  process  is  shown  to  be  determined  sub- 
stantially by  the  pressure  in  a lead  zone  and  exhibited  only  a slight  dependence  on 
the  rate  of  pressure  rise.  The  critical  pressures  of  normal  buming-CB-L  VD-normal 
detonations  transitions  arc  given.  Using  streak  camera  and  pressure  gauges  the  CB 
and  I.  VD  processes  are  studied,  and  the  conditions  of  the  steady-state  regimes  are 
determined.  The  propagation  velocity  is  found  to  be  highly  dependent  on  the  pres- 
sure in  lead  zone.  Experimental  results  are  compared  with  the  theoretical  models. 


INTRODUCTION 

Deflagration  in  porous  high  explosives  confined  in 
metal  tubes  is  known  to  tend  to  accelerate  when  the 
charge  is  ignited  with  a relatively  weak  ignition  source. 
This  acceleration  eventually  results  in  detonation  if 
the  charge  is  long  enough.  The  main  transient  stages 
between  the  normal  layer-by-layer  combustion  and 
the  normal  detonation  arc  convective  burning  (CB) 
and  low  velocity  detonation  (LVD).  The  mechanisms 
of  the  latter  two  arc  still  far  from  complete  under- 
standing because  of  the  poor  reproducibility  and 
stability  of  the  process  and  its  strong  dependence  on 
the  experimental  conditions.  CB  and  LVD  differ  in 
the  mechanism  of  the  reaction  initiation.  Combustion 
products  in  the  esse  of  CB  penetrate  through  pores 
into  the  unreacted  explosive  overtake  the  flame 
front  and  preheat  the  walls  of  pores  up  to  the  ignition 
point  (I).  The  initiation  of  the  reaction  in  LVD  is 
due  to  collapse  of  pores  and  to  the  plastic  flow  in  the 
compression  (shock)  wave,  which  leads  the  LVD  ( 1 ), 
However  there  is  one  common  feature  which  makes 
CB  and  LVD  different  from  normal  burning  and  nor- 
mal detonations,  that  is  a rather  small  part  of  the  total 
energy  released  in  the  vicinity  of  the  front  (less  than 


10-20%).  The  rest  of  the  heat  is  released  in  an  ex- 
tended burn-up  zone  due  to  surface  burning  of  the 
grains  or  cavities  formed  in  the  explosive  and  ignited 
at  the  first  stage. 

The  Intention  in  undertaking  this  study  was  to 
determine  the  conditions  under  which  CB  or  LVD 
could  be  stabilized  (at  least  approximately  and  in 
charges  of  limited  sizes)  and  could  be  investigated  in 
details  in  order  to  elucidate  the  basic  characteristics 
of  these  transient  (in  a general  case)  processes,  it  has 
been  shown  experimentally  that  the  quasi-steady  C'B 
and  LVD  could  not  be  observed  over  the  whole  range 
of  possible  propagation  velocities.  For  instance  in  the 
case  of  PETN  these  ranges  arc  1-10  m/scc  f'or  CB  and 
1000-3300  m/scc  for  LVD, 


CRITICAL  PRESSURES 

ft  is  convenient  to  depict  tnese  transient  processes 
in  the  W plane,  where  W is  the  propagation 
velocity  and  Pm  the  pressure  in  the  lead  zone.  In  the 
case  of  CB  this  zone  corresponds  to  a narrow  region 
adjacent  to  the  ignition  front,  and  Pm  could  be 
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chosen  as  the  maximum  pressure  in  the  convective 
burning  wave.  For  the  LVD  it  is  reasonable  to  take 
Pm  as  the  pressure  immediately  behind  the  lead  com- 
pression wave.  The  W-  Pm  plane  is  convenient  be- 
cause one  can  point  out  definite  critical  pressures  on 
it:  Pjr,  F jnjn,  and  PCT.  Region  Pjj  Pm  ^ Pmii  cor" 
responds  to  CB  and  Pmjn  ^ Pm  ^ Per  corresponds  to 
LVD.  These  critical  pressures  are  functions  of  the 
nature  of  the  explosive,  its  structure  (gas  permeability 
porosity  and  grain  sizes),  of  the  charge  diameter,  and 
confinement  parameters. 

Experimental  values  of  W can  be  plotted  as  a single 
curve  W(Pm)  for  a certain  range  of  experimental  con- 
ditions and  for  a given  explosive.  This  curve  represents 
the  evolution  of  the  explosion  in  a porous  high  ex- 
plosive and  usually  consists  of  several  sections  with 
markedly  different  sensitivity  of  the  process  to  pres- 
sure variations.  The  effective  pressure  exponent  of 
W calculated  as  v = d In  W/d  In  Pm  is  about  2-3  near 
Ptr  and  then  decreases  to  1.5  (and  even  lower  in  the 
region  of  nonsteady  regimes)  when  Pm  is  increasing. 

In  the  LVD  region  v - 4 nearby  Pmjn  and  then  drops 
abruptly  to  0.25  when  the  wave  becomes  stronger. 

The  high  value  of  v is  one  of  the  causes  of  the  poor 
stability  of  CB  and  LVD.  Generally  speaking  W is  a 
function  not  only  of  Pm,  but  of  the  time  derivative 
of  Pm  as  well.  However,  the  experimental  observa- 
tions show  that  d Pm/dt  has  only  a minor  influence 
on  the  critical  pressure  Ptr,  and  that  the  generation 
of  the  normal  detonation  is  also  determined  mainly 
by  the  pressure  in  the  wave  and  is  practically  inde- 
pendent of  the  wave  profile  in  a reasonably  limited 
range  (3).  This  relative  weak  sensitivity  of  the  CB 
process  with  respect  to  the  pressure-time  history 
could  be  understood  from  approximate  theoretical 
analysis  given  in  (4).  According  to  (4) 

w ~ VT  p3{2  (1) 


when  the  pressure  in  the  combustion  zone  is  propor- 
tional to  exp(rt).  This  relation  is  valid  when  1/r  is 
assumed  to  be  of  the  order  of  and/or  less  than  the 
characteristic  time  of  the  filtration  zone  (that  is  the 
time  of  the  pressure  decay  in  the  preignition  region) 
yet  much  greater  than  the  characteristic  times  of  the 
preheating  and  ignition  zones.  Relation  (1 ) shows  a 
weak  dependence  of  W on  r.  The  dependence  of  W 
on  Pm  for  PETN  with  the  initial  porosity  0.1  is 
illustrated  in  Fig.  1 


Fig.  1.  Velocity  of  convective  burning  and  low  ve- 
locity detonation  as  a function  of  pressure  (PETN, 

4>0  = 0.1,  grain  size  dQ  - 0.5  mm). 

Thus  even  from  those  scarce  experimental  and 
theoretical  results  reported  one  can  conclude  that  the 
evolution  of  the  explosion  in  porous  high  explosives 
is  determined  mainly  by  the  pressure  level  rather  than 
by  the  rate  of  pressure  change.  Certainly  this  is  true 
in  the  case  of  quasi-steady  stages  of  the  process  when 
the  pressure  changes  caused  by  external  sources  arc 
decoupled  from  the  pressure  changes  due  to  CB  or 
LVD  themselves.  However,  the  rate  of  pressure 
changes  is  very  important  in  estimating  the  actual 
pressure  (or  vclocity)-time  histories  of  the  deflagra- 
tion to  detonation  transition  but  not  the  gross  charac- 
teristics of  the  quasi-steady  stages  of  the  process. 


Measurements  of  the  critical  pressures  have  been 
carried  out  for  pressed  PETN  having  a relatively  low 
initial  porosity  (</>0  = 0.03  - 0.2).  The  PETN  with  a 
narrow  distribution  of  grain  sizes  around  d0  = 0,5  mm 
was  pressed  in  pellets.  The  lateral  surfaces  of  the 
pellets  were  covered  with  a thin  layer  of  epoxy.  The 
charge  was  mounted  in  metal  or  plexiglass  tubes.  The 
constant  volume  bomb  technique  (1 ,2)  has  been  used 
in  order  to  measure  Ptr.  Critical  pressures  Pmjn  and 
Pcr  (for  initiation  of  LVD  and  of  normal  detonation, 
respectively)  have  been  measured  using  the  conven- 
tional technique  of  shock  wave  initiation.  Shock 
waves  from  the  donor  charge  passed  through  an  inert 
plate  into  the  test  charge.  The  intensity  of  the  com- 
pression wave  was  regulated  by  changing  the  thick- 
ness of  the  plate,  The  experimental  results  are  shown 
in  Table  I . 
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TABLE  l 


Critical  fractures  far  PETN 
(Charge  diameter  5 mm) 


Initial 

Porosity 

(M 

Ptr 

(kbar) 

Pmin 

(kbar) 

Per 

(kbar) 

0.2 

0.09 

2.5 

5.5 

0.1 

0.13 

2.5 

8.5 

0.025 

0.45 

3.0 

17.0 

Unlike  Ptr  and  Pcr,  the  value  of  Pmin  is  only  slightly 
dependent  on  porosity.  As  a consequence  of  this  fact 
P,nin  is  several  times  less  than  Pcr  at  lower  porosities, 
however,  the  difference  decreases  with  increasing  0„. 


CONVECTIVE  BURNING 
Nomenclature: 

a - nondimensional  coefficient  dependent  on  the 
geometry  of  junction  of  small  and  large  pores 
c - specific  heat 
E - see  liq.  (7) 
g ~ sec  liq.  (4) 
k - gas  permeability 
I - averaged  spacing  of  large  pores 
P - pressure  s 

0 - heat  of  combustion 
R - universal  gas  constant  divided  by  molecular 
weight 

Tj  - ignition  temperature  of  the  explosive 
T„  ~ initial  temperature 
Ta(]  - adiabatic  flame  temperature 
u - gas  velocity 
un  - rate  of  normal  burning 
W - velocity  of  propagation  of  the  ignition  front 
,t  - time 

x - spatial  coordinate 
7 - specific'hcats  ratio 
6 - diameter  of  pores 
A - thermal  conductivity 
p - viscoshy 

v - pressure  exponent,  d In  W/d  In  P 
p - density 
<p  ~ porosity 

- thickness  of  the  filtration  /one 


Indexes:  s-  solid  phase,  g - gas  phase,  1 - larger  pores, 
2 -smaller  pores,  o-  boundary  between  ignition  and 
filtration  zones,  m lead  zone 

Experiments  were  carried  out  in  a transparent  com- 
bustion'chambcr  made  of  plexiglass.  Photographic 
technique  and  piezoelectric  gauges  were  applied  in 
order  to  monitor  the  propagation  velocity  W and  the 
pressure  profiles  at  different  points  along  the  charge. 
The  charge  was  ignited  at  the  open  end  of  the  tube 
by  a fast  burning  igniter.  The  igniter  created  a sharp 
jump  of  pressure,  and  then  the  pressure  in  the  com- 
bustion products  was  maintained  at  a constant  level 
within  10%.  The  CB  proved  to  propagate  with  an 
approximately  constant  velocity  when  the  following 
conditions  were  fulfilled: 

a)  porosity  and  gas  permeability  of  the  charge 
lower  than  certain  threshold  values, 

b)  the  maximum  pressure  in  the  combustion  zone 
and  that  in  the  combustion  products  maintained 
constant, 

c)  a subsonic  flow  of  the  combustion  products. 

Figure  2 shows  W as  a function  of  P,n  for  PETN 
with  porosity  0.1 . As  one  can  sec  the  average  value  of 
v in  the  tested  region  is  2.7.  At  higher  velocities  and 


I'tg.  2.  Experimental  (paints)  and  theoretical  de- 
pendencies of  W on  Pm  for  PETN.  Shaded  line  cor- 
responds to  sonic  flow  of  the  combustion  products. 
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pressures  the  CB  accelerates  very  fast.  Rough  esti- 
mations made  using  the  streak  camera  and  pressure 
records  suggest  the  value  of  t>  between  1 and  1 .5  in 
this  region. 

A typical  streak  camera  record  of  tne  quasi-steady 
CB  is  presented  in  Fig.  3 

U follows  from  this  record  that  CB  is  non-onedi- 
mcnsional  and  pulsating  in  its  nature.  The  periodical 
decrease  in  the  light  emission  at  the  name  front  and 
dark  striations  in  the  combustion  products  are  ca- 
dence of  an  intensive  fragmentation  of  the  explosive 
in  the  combustion  zone.  Such  a behavior  of  the  defla- 
gration wave  is  presumably  caused  by  advanced  pene- 
tration of  the  hot  gases  through  larger  pores  and  by  a 
fast  pressure  rise  inside  the  latter.  Measured  depths 
of  the  pulsations  (several  mm)  arc  longer  than  the  size 
of  the  preheat  zone  but  less  than  the  size  of  the  filtra- 
tion zone.  The  frequency  is  proportional  to  W and  is 
of  the  order  of  a hundred  Hz. 

An  analytical  model  is  suggested  which  gives  an 
approximate  (at  least  qualitative)  description  of  the 
steady  CB  process.  The  model  is  based  on  the  experi- 
mental evidence  that  CB  is  led  by  hot  gases  penetrating 
through  larger  pores.  This  fact  was  confirmed  by  anal- 
ysis of  the  quenched  specimens.  Size  distribution 
curves  obtained  by  direct  microscopic  measurements 
of  pores  at  cros*-seetions  of  pressed  charges  demon- 
strated that  pores  with  sizes  ten  times  higher  than  the 
"verage  exist,  and  that  their  volume  is  not  more  than 
10%  of  the  total  volume  of  voids.  The  estimated 
values  of  relative  volumes  of  larger  pores  are  given  in 
Table  2. 

The  estimations  are  made  using  the  data  on  gas 
permeability  (kexp)  for  different  porosities  in  charges 

TABLE  2 


Estimated  Volumes  of  large  Pores  in  Pressed  PETN 


Porosity  <pQ  i 

0.45 

0.3 

0.25 

0.1 

Gas  permeability 
ratio 

^theor./^exp. 

1 

25 

60 

1100 

Volume  of  large 
pores 

0.45 

f 12 

0.07 

0.01 

Fig.  3.  Streak  camera  photograph  of  convective 
burning  of  pressed  PETN. 

of  pressed  PETN  ( 1 ,2).  The  difference  between  the 
experimental  kcxp(0o)  curve  and  that  caleulated 
from  the  Cozcni-Karman  relation  is  assumed  to  be  a 
consequence  of  the  fact  that  the  volumetric  portion 
of  larger  pores  which  determine  the  effective  gas 
permeability  of  a real  charge  is  small  compared  to 
<j>0.  Smaller  pores  have  high  filtration  resistance, 
ignition  of  the  explosive  inside  those  pores  is  much 
less  probable  than  in  larger  ones  because  of  the  very 
small  amount  of  heat  stored  in  the  gas  which  fills  up 
the  pore.  Thus  the  smaller  pores  form  an  effective 
sink  of  the  gas  from  the  larger  pores.  This  means 
that  the  main  objection  against  the  possibility  of 
steady  one  dimensional  regimes  of  CB  with  advanced 
gas  penetration  (13)  can  be  avoided.  Kuo,  and  Sum- 
merfield  (6),  and  Dubovitsky,  et  al.  (7)  have  obtained 
steady-state  solutions  for  the  regimes  where  the  flow 
rate  of  gases  did  not  exceed  the  velocity  of  the  igni- 
tion front,  i.e,,  the  solid  was  preheated  in  their  case 
by  another  mechanism  than  the  advanced  filtration 
of  combustion  products. 

In  the  suggested  model  the  gas  is  allowed  to  How 
through  the  ignition  front  into  the  unreacted  sub- 
stance in  the  steady-stale  case  if  all  the  gas  that  has 
penetrated  into  the  unreacted  explosive  through  large 
pores  is  accumulated  in  smaller  pores.  For  conven- 
ience we  consider  a system  with  two  types  of  pores: 
larger  ones  having  diameter  6 1 , gas  permeability  kj , 
and  porosity  <f> i and  smaller  ones  with  the  relevant 
para  Jters  5 2 » k2 , 02 ■ It  is  assumed  that  >>62, 
kj  » V-2>4>\  «<t> 2-  The  basic  principles  and  equa- 
tions for  filtration  in  a medium  having  dual  porosity 
are  given  in  (5).  According  to  Barenblatt  et  al.  (5) 
the  two  values  of  pressure  in  gas  phase  are  referred 
to  each  spatial  point  Pj  and  P2  for  large  and  small 
pores,  respectively.  The  equations  which  describe 


253 


the  filtration  in  a system  with  dual  porosity  can  he 
written  as  follows: 


W 


= I + 


(ft) 


d3r ; + d , 
dz3  dz  ’ 

f do  \ do 

5^)  ' dj  " 0 

(2) 

where 

x2 

7T2  - 

7 , do 

<JZ  + T~  • 
dz 

(3) 

li  = 

( 3 1 1 o j ~ n 1 o 

vud  - V c|'f<gT 

(7) 

I lere  the  zero  point  of  the  coordinate  system  is  travel- 
gat  the  velocity  of  CB  at  the  boundary  between  the 
.trillion  zone  and  the  preheat  zone.  The  houndary 
conditions  are: 


The  solution  of  Hqs,  (2)  and  (3)  can  be  expressed 
analytically  in  terms  of  parameter  q ~ do/dz 

o2  - -2  [ln(i  -q>  + q|  (8) 


at  z = o 


do  d2o 
dZ  (J/2 


at  z = 0: 


where 


jt2  ~ -2  | In  (I  q)  + q/2|  . (V) 

At  z=  0 this  gives 

7T2  - -2 1 In  (I  — q0)  + q„/2|  (10) 

«o  = “2 1 ill  (I  -qw)  + q()|  (II) 


rr  = 1’,/P, 
o - P2/Px 

* - 

a =■  wt  - x 

$x  - I 'At  /a^ 

I’x  “ KW 

g - 2pK02K/'AM2  ■ Hi 


/ d 7T\ 

tiz)  = °»(‘  + (i«»)/2w«  ■ (l2) 

\ 'o 

The  value  of  q„  varies  over  the  range  of  0 - I . Hx- 
eludiug  u„/W  from  Hqs.  (5),  (ft),  and  ( 1 2)  one  finds 
that 

i; 

W ” «K0  + nj'hlii  ~ *„)  ‘ U ',s 


The  initial  pressure  In  the  pores  is  neglected  when 
writing  the  boundary  conditions,  liquations  (2)  and 
(3)  are  to  be  solved  for  the  filtration  zone  only,  since 
it  is  much  longer  than  the  preheat  zone  and  the 
amount  of  gas  accumulated  in  smuller  pores  can 
he  neglected  in  the  preheat  .'one.  Thus  the  preheat 
zone  and  the  subsequent  ones  are  described  by  the 
relations  derived  in  (4)  for  the  case  of  monoporous 
explosives.  Using  the  expression  for  the  mass  flow 
of  the  nitrating  gas  given  in  (4)  one  gets: 


liquations  ( 1 3),  (4),  ( 10),  and  (II)  give  a parnmotiic 
relation  between  W and  in  terms  of  q().  The  ana- 
lytical expression  for  W(P())  can  be  obtained  If 
q0  « I , lixpimsion  of  In  (I  - q(()  In  series  up  to  the 
q2  term  yields  a simple  formula: 


W - 


4>  i g(  H + l’„) 


(14) 


This  expression  is  valid  for 


/d v\  ^1  u» 

U/0  = 202  W 


(5) 


l(i  + ii/po)(0,/02)i2  « i 


where  u„  = uz„(). 
that 


Furthermore  it  was  shown  in  (4) 
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In  order  to  replace  an  uncertain  parameter  P0  for 
the  (or  Pm)  measured  experimentally  it  is  rea- 
sonable to  use  the  equation  for  Pm  derived  in  (4): 


1 111 


I’2  + ('8,6+  O7RT 


ad 


2, 

?-wt< 

^ ad  — T,,/  _ 

(15) 


where 


until  W exceeds  the  level  of  700-800  m/sec.  The 
process  propagating  at  higher  velocities  can  he  easily 
transmitted  through  a metal  diaphragm  and  should 
he  regarded  as  LVD.  For  this  stage  of  transient 
process  there  also  exist  certain  conditions  where  LV1) 
propagates  at  nearly  constant  velocity. 


f = \/4,  2(0,/k|)/psiin  . (16) 

liquation  ( 1 5)  in  most  practical  cases  can  be  sim- 
plified, since  usually  l*niax  - !’„  « P„.  If  q„  « I , 
the  characteristic  si/.e  of  the  filtration  zone  is  ex- 
pressed as  follows: 

tr  - 2V.  Vk TTiTkJ . (17) 

liquation  ( 17)  predicts  substantially  thinner  filtra- 
tion zones  than  those  in  the  case  of  monoporous 
charges.  For  pressed  I’liTN  with  grain  size  of  0.5  mm 
experimental  values  of  £(  ( several  cm)  can  he  obtained 
If  1 Is  assumed  to  be  of  the  order  of  several  grain  sizes. 

An  example  of  a calculated  W(l’tlllix)  curve  shown 
in  Fig.  2 (solid  line)  is  illustrated  further  in  Table  it. 


lixperiments  were  carried  out  with  charges  of 
I’liTN  (px  = 1 .7.)  g/cc)  confined  in  steel  tubes  (6,10). 
The  tubes  were  of  5 mm  i.d.  and  of  different  wall 
thickness.  A pyrotechnic  igniter  or  a weak  shock 
wave  were  used  to  initiate  LVD.  The  propagation 
velocity  was  measured  using  a photographic  technique. 
The  results  are  shown  in  Fig.  4 (points).  Because  of  an 
insufficient  frequency  response  of  the  applied  trans- 
ducer the  pressure  I’,,,  was  measured  indirectly  in  spe- 
cial experiments  point  l’,„  is  assumed  to  he  uppioxi- 
mutely  equal  to  the  maximum  pressuie  which  the 
tube  witli  a given  wall  thickness  can  withstand  when 
a charge  of  explosive  is  burned  up  in  the  tube.  The 
rate  of  pressure  rise  in  these  experiments  was  about 
0.5  kbar/jusec.  Velocity  of  l.VI)  grows  from  1500  to 
3300  m/sec  when  u stronger  confinement  (higher 
pressure  in  the  compression  wave)  is  used.  In  a cer- 
tain region  W is  much  less  thun  the  longitudinal 
acoustic  velocity  of  the  solid  phase  (2250  m/sec). 


TAllIJi  3 

Calculated  Parameters  of  Convective 
Hunting  of  Ph'TN 


I'm  l,iir 

100 

200 

300 

400 

W m/sec 

1.6 

4.3 

7.2 

10 

Length  of  pre- 
heat zone,  cm 

0.3 

0.5 

1.4 

2.0 

1’,  /l»2  at  z - 0 

0.2 

0.155 

0.14 

0.13 

LOW  VELOCITY  DETONATIONS 

As  the  amplitude  of  the  nonclast ic  wave  increases 
the  more  probable  becomes  the  initiation  of  the 
reuclion  in  hot  spots.  Eventually  It  results  in  transi- 
tion of  CB  to  LVD.  Special  experiments  with  metal 
diaphrugms  which  separated  two  parts  of  a charge 
have  demonstrated  that  the  gas  filtration  is  dominant 


The  experimental  data  on  the  propagation  of  LVD 
( 1 ,9)  and  on  the  compressibility  of  I’liTN  in  weak 
shock  wuves  ( 10)  show  that  the  velocity  of  LVD  de- 
pends on  profiles  of  the  compression  wuve  in  the 
explosive  and  Its  amplitudes.  Transition  from  elastic 
deformation  to  a nonclasllc  How  is  very  important 
in  determining  the  conditions  under  which  LVD 
arises,  For  pressed  high  explosives  the  plastic  yield 
strengths  lie  in  the  range  of  1-3  kbur.  When 
l’>  I’-|.(I’|-  is  the  yield  strength)  the  compression 
wave  consists  of  two  wuves  (elastic  and  plustic), 
which  may  propagate  with  different  velocities.  The 
reaction  sturts  in  the  uonelastic  wave  which  cun 
propagate  much  slower  thun  the  elastic  (acoustic) 
precursor,  In  order  to  find  the  conditions  where 
both  wuves  are  separated  experiments  were  made 
with  pressed  TNT  (p  = 1 .6  g/ec)  using  the  conven- 
tional technique  of  electromagnetic  measurements. 

A two  wave  configuration  was  observed  for  pressures 
lower  thun  7 kbar,  at  higher  pressures  the  pressure 
profile  corresponded  to  u single  shock  wave.  It  wus 
demonstrated  in  ( 1 1 ) and  ( 1 2)  that  LVD  propugates 
at  a supersonic  speed  with  respect  to  the  two-phase 
medium  behind  the  clastic  precursor,  und  hence  it 
could  be  called  a detonation  phenomenon. 
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Figure  4 (solid  curve)  shows  the  calculated  de- 
pendence of  velocity  on  pressure.  The  calculations 
were  made  using  simple  estimations  of  wave  param- 
eters given  in  (12).  These  estimations  account  for 
the  bifurcation  of  the  wave  and  collapse  of  pores  in 
the  plastic  wave. 


Besides  the  high  pressure  exponent  of  W there  is 
another  destabilizing  factor  in  CB  which  restricts  the 
region  of  steady  regimes  at  high  propagation  velocities 
This  factor  is  the  appearance  of  a region  of  sonic  flow 
in  the  combustion  products  (flow  choking)  and,  as  a 
consequence,  generation  of  compression  waves.  The 
critical  condition  of  flow  choking  is  calculated  by 
integrating  the  steady-state  conservation  equations 
for  a two-phase  reacting  flow.  Suppose  that  the 
starting  point  for  integration  is  P = Pmax,  us  = ug  = 0; 

Tg  ^Tad'.T,.  =T0,  and  the  terminal  point  is 
<p=  1 , P = P„ . Assuming  that  flow  tubes  have  a 
constant  cross-section  and  neglecting  the  interaction 
of  the  flow  with  the  confinement  wall  one  can  come 
to  the  expression: 


Fig.  4.  Velocity  of  low  velocity  detonation  in  pressed 
PliTNas  a function  of  pressure  in  the  compression 
wave.  Calculated  values  solid  line,  experimental 
results  points.  Charge  diameter  5 mm,  confinement 
steel  tubes. 

When  comparing  the  calculations  with  the  experi- 
mental results  the  following  values  of  parameters  were 
used:  <j>o=0A',<t>\  = 0.01 ; grain  size  0.5  mm;  k(  = 
10"11  cm2;  li  = 8 • 107  g/cin  scc2;g  = 2 • I06g/cin2 
sec.  The  range  of  reasonable  values  of  Li  and  g cal- 
culated using  the  available  literature  data  is  4 — 1 5 
• 107  g/cm  sec2  and  1 - 6 • 106  g/cm2  sec.  As  men- 
tioned before  the  length  of  the  filtration  zone  is  sev- 
eral cm.  Noteworthy  is  the  high  sensitivity  of  the 
CB  velocity  to  pressure  variations,  the  exponent  v is 
everywhere  higher  than  1 . The  results  of  t 'culations 
arc  in  reasonable  agreement  with  the  experimental 
data.  The  agreement  could  be  made  better  if  one 
accounts  for  the  possible  turbulent  filtration  of  the 
gas  through  pores. 


b = ps(l  -0m)Wv/27l<Tad/(7+  1).  (10) 

r‘ 

The  condition  b > I*m7/(7  + I)  means  that  the 
process  becomes  nonstationary  (accelerating).  The 
calculated  upper  limiting  values  of  W for  steady 
regimes  of  CB  are  shown  in  Fig.  2 (shaded  line).  This 
effect  together  with  the  strong  pressure  dependence 
of  W explain  why  CB  in  pressed  PliTN  charges  under 
confinement  is  highly  unstable,  and  that  CB  propagat- 
ing at  velocities  greater  than  10  m/sec  is  impossible. 

Acceleration  of  CB  up  to  velocities  of  100  m/scc 
and  higher  results  in  formation  of  a nonelastic  com- 
pression wave  in  the  unrcacted  explosive.  This  non- 
elastic  wave  is  expected  to  affect  the  CB  process  in 
different  ways: 

to  decrease  the  porosity, 

to  change  the  ratio  of  large  and  small  pores, 

to  preheat  the  gas  and  create  hot  spots  in  the  solid, 


The  model  of  a steady-state  CB  considered  is  not 
unique.  There  could  be  found  other  nondiinensional 
effects  which  would  result  in  effective  gas  losses  up- 
stream to  the  ignition  front.  For  instance,  Margolin 
and  Margulis  (8)  have  shown  that  U-shaped  pores 
generate  a swirled  filtration  of  the  gas  and  make  the 
spontaneous  penetration  of  a flame  into  pores  easier. 
The  role  of  this  process  in  a forced  CB  is  to  be 
elucidated. 


to  change  the  conditions  for  fragmentation. 

The  analytical  models  which  account  for  the  ef- 
fects of  fragmentation  of  the  solid  in  a CB  wave  and  of 
the  compression  of  the  unreacted  porous  explosive 
would  complete  the  description  of  the  transient 
process,  if  they  were  worked  out.  However,  this  is 
still  a problem  for  future  studies. 
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A theoretical  approach  to  the  problem  of  stabiliza- 
tion of  LVD(  14)  has  shown  that  lateral  expansion  of 
confinement  wall  provides  the  energy  losses  needed 
for  making  the  process  steady.  However,  the  analysis 
given  in  (14)  has  to  be  further  developed  if  one  wants 
to  understand  the  mechanism  of  the  transition  from 
low  velocity  detonation  to  normal  detonations.  Ex- 
tremely important  in  this  process  is  the  influence  of 
heat  release  in  the  burn  up  /.one  on  the  How  param- 
eters nearby  the  I.VD  front.  This  problem  is  under 
investigation  at  the  present  time. 
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A COMPARISON  OF  MODEL  PREDICTIONS 
AND  EXPERIMENTAL  RESULTS  OF  DDT  TESTS 


D.  T.  Pilcher,  M.  W.  Beckstead,  L.  W.  Christensen,  and  A.  J.  King 
Hercules  Incorporated,  Bacchus  Works,  Magna,  Utah 


A model  describing  convective  burning  in  porous  beds  bused  upon  the  Krier/Van 
Tassell  gun  combustion  computer  code  has  been  developed  and  applied  to  a 
variety  of  tests  investigating  the  transition  from  deflagration  to  detonation  (DDT) 
in  porous  beds  of  propellant.  The  tests  Included  numerous  bed  configurations 
in  steel  and  Kevlar  pipes.  Agreement  between  model  predictions  and  experi- 
mental results  has  been  excellent.  The  general  structure  of  the  Krier  model  and 
its  Integration  scheme  were  retained,  but  a number  of  alterations  were  made 
to  the  model  to  make  it  applicable  to  DDT  investigations.  The  computer 
combustion  model  was  then  coupled  with  a structural  dynamics  code  to  sim- 
ulate motion  of  the  confining  media.  This  combination  of  programs,  called 
JiONDO/Krier,  Is  proving  to  be  an  invaluable  tool,  providing  much  Insight  into 
the  details  of  the  DDT  phenomenon. 


INTRODUCTION 

The  transition  from  normal  burning  to  detona- 
tion in  a gus-permcablc  explosive  system  has  been  a 
topic  of  investigation  for  some  time  (1*4),  but  only 
recently  have  there  been  attempts  to  model  the  de- 
tails of  this  phenomenon  using  a full  system  of 
conservative  equations  of  two-phase  flow.  Such  a 
model  lias  an  advantage  as  it  provides  detailed  informa- 
tion of  flow  parameters  throughout  the  entire  bed, 
whereas  experimentally  obtaining  pressure,  tempera- 
ture, flame  speed,  and  other  details  of  the  event,  even 
at  a few  points,  is  a difficult  task.  Researchers  (5-9) 
have  recently  made  significant  advances  in  describing 
flame  spread  in  porous  beds  of  gun  propellants.  Their 
work  provided  a starting  point  for  the  investigations 
of  DDT. 

The  phenomenon  of  DDT  in  porous  beds  of  granu- 
lated propellant  is  being  studied  using  the  dual  approach 
of  experimentation  and  computer  modeling.  As  the 


This  work  was  supported  by  Lockheed  Missiles  and  Space 
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experimental  program  progressed,  it  became  evident 
that  differences  in  confinement  of  the  gases  offered 
by  various  test  vehicles  was  a critical  factor  in  test 
outcome,  The  combustion  model  by  itself  was  not 
adequate  to  analyze  the  test  results  thoroughly.  As  a 
consequence,  the  combustion  model  was  coupled  to  a 
dynamic  structural  analysis  program  to  simulate  the 
motion  of  the  material  enclosing  the  porous  bed  of  pro- 
pellant, A much  better  understanding  of  the  complex 
DDT  process  has  thus  been  achieved.  Although  the 
DDT  model  must  be  considered  to  be  in  a develop- 
mental stage,  it  has  proven  to  be  extremely  valuable 
in  analysis  of  explosive  systems  where  DDT  is  possible. 

Ten  tests  of  varying  design  were  simulated  using  the 
DDT  model  in  an  attempt  to  verify  the  model,  at  least 
in  the  ability  to  differentiate  between  detonation  and 
no-detonalion,  and  to  better  understand  the  details  of 
the  DDT  process,  The  tests  were  part  of  a series  con- 
ducted to  determine  experimentally  under  what 
conditions  various  types  of  propellants  (explosives) 
would  undergo  DDT  before  the  test  vehicle  ruptured 
sufficiently  to  step  the  process.  Table  1 provides 
a brief  overview  of  the  tests,  showing  that  model  pre- 
dictions agreed  with  test  results  in  9 of  10  cases. 
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In  the  one  case  where  agreement  was  not  achieved, 
the  model  predicted  a detonation,  and  the  result  of  the 
experiment  was  classified  as  a very  violent  reaction- 
possibly  a detonation.  Thus,  even  in  this  instance,  the 
prediction  and  the  test  result  were  basically  similar.  Use 
of  the  model  has  not  only  increased  the  ability  to  pre- 
dict situations  where  a detonation  might  occur,  but  it 
has  provided  insight  into  the  various  mechanisms  which 
affect  DDT. 


THE  MODEL 

The  Hercules  DDT  model  consists  of  two  computer 
programs  linked  together;  one  modeling  combustion 
in  a porous  bed,  the  other  modeling  motion  of  the  con- 
fining walls  of  the  bed.  The  combustion  model  was 
developed  from  the  Kricr  and  Van  Tassel  (7)  gun 
combustion  program.  The  integration  scheme  with 
numerical  smoothing  was  retained,  but  numerous 


other  changes  were  necessary  to  make  the  program 
operate  satisfactorily  for  the  extreme  conditions  of 
DDT.  A variable  covolumc  was  added  to  the  equation 
of  state.  Boundary  conditions  and  start  conditions 
were  changed.  The  ‘diffusion’  terms  were  removed 
and  time  variations  in  bed  cross-sectional  area  were 
included.  In  its  present  form,  the  model  is  a one- 
dimensional  continuum  model  of  two-phase  flow,  in 
which  the  area  varies  with  both  space  and  time.  The 
conservation  equations  for  the  gas  and  solid  phases 
(Hq.  1-6)  are  shown  below. 

Gas  Phase 

(0PgUgA)  - I'gA  + l«n  (I) 

D d 2 ()D 

- (<^gUg)  + - WWgUg)  - * jij  - D + l',(Ug-  U„) 

+ <RU  flg  (2) 


TABLE  l 

Comparison  of  Analytical  and  Experimental  Results 


Motor 

Bed 

Type 

tied 

Length 

(in.) 

Void 

Length 

(in.) 



%TMD 

Propellant 

Particle 

Size 

(M) 

l>t 

(in.) 

Reaction 

Model 

Prediction 

CORE 

24.0 

mm 

70 

Class  A HMX 

200 

H 

No  DDT 

No  DDT 

FD 

1.0 

US 

75 

Class  A HMX 

200 

DDT 

DDT 

FD 

0.25 

1.00 

49 

Class  A HMX 

200 

BH 

No  DDT 

No  DDT 

FD 

0.50 

0.25 

50 

Class  A HMX 

200 

US 

DDF 

DDT 

FD 

5.0 

0.25 

71 

Type  B 

1200 

0.00 

DDT 

DDT 

FD 

1.0 

4.S0 

80 

Type  B 

1200 

0.65 

No  DDT 

No  DDT 

FD 

2.0 

0.25 

73 

Type  B 

1200 

0.25 

No  DDT 

DDT 

8 

Annulus 

19.5 

0.50 

59 

Class  A HMX 

200 

0.00 

DDT 

DDT 

mm 

Annulus 

19.5 

0.50 

65 

Type  B 

1200 

0.00 

No  DDT 

No  DDT 

BS 

Annulus 

19.5 

0.50 

63 

Type  A 

-800 

0.00 

No  DDT 

No  DDT 

FD 

CORE 

Annulus 

% TMD 
DDT 


A full  diameter  bed  of  particles  backed  by  a solid  cylinder  of  propellant  in  a Schedule  160,  6-Inch 
steel  pipe 

A center  core  of  particles  in  an  annulus  of  undamaged  propellant  encased  in  a Schedule  1 60, 6-lnch 
steel  pipe 

An  0.8-inch-thick  annulus  of  particles  between  a 10-inch-diamctcr  Kevlar  (fiber)  case  and  a cylinder 
of  undamaged  propellant 
Initial  throat  diameter  of  the  nozzle 
Percent  theoretical  mean  density 
Deflagration  to  detonation  transition 
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where: 

X = (particle  radius  X burn  rate)/(heniial  diffusivlty 
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Solid  Phase 
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wlicre: 

0 = Ag/tolal  cross-sectional  area 

p = Density 

A = Cross-sectional  area  of  bed 

U * Velocity 

P * Pressure 

I)  * Drag 

Ign  = Igniter  mass  generation  rate 
C = muss  generation  rate 
Q “Heat  transfer 
a a Stress 

x * Undo  thermic  fraction 

Subscript  g » (Jus  pliuse 
Subscript  s - Solid  phase 
Subscript  w - Wull 

For  most  applications,  the  geometry  of  the  solid 
particles  has  been  approximated  witli  u sphere.  Drag 
and  heat  trunsfer  correlations  ure  those  used  by  Kricr 
(7).  The  fixed  bulk  temporuturc  of  Krier  has  been 
used  us  un  ignition  criterion  for  the  particles,  as  has 
the  fixed  surface  temperature  of  Kitchens  (5).  The 
most  satisfactory  results  have  been  obtained  using  u 
variable  bulk  temperature  criterion  for  which  the  bulk 
ignition  temperature  is  a function  of  particle  size  and 
burn  rate.  The  particles  at  a given  station  arc  ignited 
when  the  solid  phusc  temperature  at  that  point  reaches 
the  value  T*  given  by  equation  (7). 

T*  » '(„  3(W3  (T,-T0)  (c  h |A2  + 2k  + 2] 

• 2)  (7) 


This  ignition  criterion  is  given  support  by  tire  work 
of  Derr  (10)  who  showed  a strong  correlation  between 
ignition  tcinperuturo  and  burn  rate  for  a group  of 
composite  propellants. 

A significant  problem  has  been  the  determination 
of  initiation  of  detonation.  The  present  level  of  re- 
finement of  the  model  docs  not  lend  itself  to  a flame 
velocity  criterion  as  discussed  in  Reference  (I)  where 
Bolyuyev,  el  al.  established  3000  to  4000  m/sec  us  the 
beginning  of  a full  detonation,  the  last  of  four  DD  T 
stages.  A fundamental  definition  in  terms  of  pressure, 
temperature,  and  other  variables  is  not  available: 
therefore,  a semi-empirical  criterion  Is  used.  A detona- 
tion is  said  to  have  occurred  when  I,2t  exceeds  a 
prescribed  value: 

p2r  - J i>2  dt  (R) 

h, 

Bused  on  IIMX  explosives  (1 1),  a value  of  P2t  of  10s 
psi2-sec  (~  500  kb2  - /usee)  was  used. 

The  structural  program  HONDO  (12),  a finite  cle- 
ment program  for  large  deformation  dynamic  response 
developed  bv  baudiu  Laboratories,  lias  been  modified 
so  the  two  programs  can  be  linked  together.  To 
further  assist  in  modeling  more  complicated  tests,  tiic 
capability  of  multiple-defined  nodes  to  allow  for  separa- 
tion of  pieces  of  the  structure  and  of  altering  node 
constraints  during  execution  was  added.  The  additions 
were  used  in  modeling  tests  where  un  end  closure 
broke  free  from  the  test  vehicle  when  chamber  pres- 
sure oxcecdod  a specified  value.  The  model  describes 
axisymmetric  structures,  but  planur  structures  can  be 
approximated  with  some  additional  effort.  Figure  1 
is  a schematic  of  the  input  and  output  of  each  pro- 
gram und  the  datu  passed  between  them. 

TEST  MATRIX 

Three  basic  configurations  were  used  in  the  tests 
discussed.  All  were  basically  go/no-go  tests  with  little 
instrumentation.  In  one,  a thick  annulus  of  undamaged 
propellant  24-inchcs-long  was  encased  in  a 6-inch  Sched- 
ule 160  steel  pipe.  The  center  core  was  filled  with 
Class  A HMX,  thus  forming  a porous  bed,  Forward 
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Fig.  1.  Description  of  DDT  model 


ami  aft  closures  were  attached  by  bolts  which 
yielded  at  a chamber  pressure  of  approximately 
12,000  psi.  This  first  configuration  analyzed  is 
shown  in  Figure  2 and  designated  Motor  1 . 

A similar  pipe  was  used  in  the  second  configura- 
tion motors,  numbered  Motors  2 to  7,  each  used  a 
full-diameter  bed  of  granulated  propellant  backed  by  a 
cylinder  of  undamaged  propellant.  Bed  length,  void 
length,  particle  size,  and  nozzle  throat  diameter  varied 
in  the  tests,  but  the  same  type  of  bag  igniter  was  used 
(Table  I ).  Motor  S was  the  only  one  of  this  configura- 
tion that  was  not  vented.  Figure  3 shows  the  basic 


UNDAMAGED  BED  OP  CLASS 
PROPELLANT  A UMX 


configuration  of  the  motors  and  the  idealization  used 
in  titc  analysis.  For  motor  5,  the  tapered  portion  of 
the  model  was  removed  and  a rigid  wall  boundary  was 
assumed  to  be  present. 

The  third  set  of  tests,  Motors  8 to  10,  investigated 
DDT  characteristics  of  relatively  weak  test  vehicles.  An 
annular  bed  of  propellant  was  confined  between  a thin 
filament-wound  Kevlar  chamber  and  a solid  propellant 
grain,  as  shown  in  Figure  4.  The  body  of  the  case  was 


DAMAGED  BED  WITH 

UNDAMAGED  INTERCONNECTED  POROSITY 


Fig.  2.  Six-inch  pipe  tests,  core  of  HMX  (dimensions 
in  inches) 
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Fig.  3.  Six-inch  pipe  tests,  full-diameter  bed 


0.1 22-inch  thick  but  increased  to  0.54  inch  at  the  ends 
to  accommodate  the  closures.  The  static  burst  strength 
of  the  case  was  estimated  to  be  3500  psi.  The  motors 
were  not  vented.  A bag  igniter  was  located  in  the  0.5- 
inch  void  between  the  propellant  and  the  end  closure. 
The  igniter  strength  for  Motor  8 was  approximately 
one-third  of  that  used  in  the  other  two  tests  of  this 
configuration. 


TEST  ANALYSES 

Discussion  of  the  firing  of  Motor  1 and  the  subse- 
quent analysis  will  illustrate  the  extent  of  information 
provided  by  the  math  model.  The  propellant  grain  of 
Motor  1 had  a 0.722-inch-diametcr  center  bore  filled 
with  unground  Class  A MMX.  A bag  igniter  was  located 
in  an  0.25-inch-long  void  between  the  propellant  and 
the  aft  closure.  The  test  results  indicated  that  flame 
from  the  bag  Igniter  initiated  the  column  of  HMX,  and 
shortly  thereafter  both  forward  and  aft  closures  were 
blown  off  after  failure  of  the  retaining  bolts.  DDT 
did  not  occur  as  evidenced  by  the  fact  that  3 large 
pieces  of  propellant  approximately  8.0-,  6.0-,  and 
3.0-inchcs-!ong  by  the  full  diameter  were  recovered. 

To  simulate  the  test  using  the  model,  certain 
assumptions  were  made.  The  igniter  sequence  was 
bypassed  by  assuming  the  first  0.25-inch  of  the  bed 
was  pressurized  to  1450  psi  and  ignited.  The  pressure 
decreased  linearly  to  atmospheric  conditions  at  0.7- 
inch  into  the  bed.  Initia  porosity  of  the  bed  was 
0.30.  The  resulting  calculations  show  that  when  the 
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pressure  at  the  igniter  end  of  the  vehicle  was  suffi- 
cient to  release  the  closure,  most  of  the  bed  was 
still  at  ambient  conditions;  only  0.4-inch  of  the  bed 
had  ignited,  and  the  radius  of  the  bed  increased  only 
9.2  X 10~3-inch  at  the  bed  entrance.  Figure  5 shows 
how  the  bed  expanded  as  the  pressure  front  moved 
into  the  bed,  The  ‘continental  divide’  commonly 
seen  in  the  analysis  of  run-up  length  experiments 
(13)  was  clearly  evident  by  30  /tsec  after  start  time. 
Pressure  had  stopped  rising  at  the  bed  entrance  by 
48.5  /tsec  due  to  the  bed  expansion.  The  pressure 
peak  continued  to  rise  until  it  reached  92,000  psi 
at  1 .2  inches  in  the  interior  of  the  bed.  At  this 
time,  1 .6  inches  of  the  bed  were  ignited.  The  gas 


Fig.  4.  Fiber  case  with  annular  bed 


Fig.  5.  Pressure  history  of  bed  (Motor  1 ) 
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volume  at  the  front  of  the  bed  had  increased  by  627 
percent  due  mainly  to  expansion  of  the  bed,  but  also 
due  to  motion  and  burning  of  the  particles.  The 
change  in  volume  at  1 .2  inches  was  154  percent. 
There  was  not  sufficient  mass  being  generated  behind 
the  pressure  peak  to  sustain  it,  so  the  peak  began  to 
fall  rapidly  even  though  the  flame  front  and  pres- 
sure front  continued  to  move  into  the  bed.  It  was 
judged  that  no  detonation  would  occur. 


MOTORS  WITH  FULL-DIAMETER 
BEDS 

In  the  analysis  of  the  motors  containing  a full- 
diameter  porous  bed,  the  ignition  sequence  was 
included  and  rigid  pipe  walls  were  assumed.  Calcula- 
tions for  Motor  5,  using  both  rigid  and  clastic  walls, 
indicated  this  assumption  did  not  introduce  gross 
errors.  The  aft  closure  was  represented  by  a 20 
pound  projectile  which  was  free  to  move  when  the 
pressure  against  it  reached  12,000  psi.  Three  bed 
lengths  were  tested  and  analyzed  for  200  p HMX 
particles.  Three  bed  lengths  for  1200  p particles 
of  type  B propellant  (which  has  a comparable 
burn  rate)  were  also  tested  and  analyzed.  Bach 
set  of  three  tests  exhibited  both  a detonation  and 
a nondetonation.  Detonation  predictions  agreed 
with  test  results  in  all  cases  except  for  Motor  7, 
a 2-Inch  bed  of  1 200  p particles.  In  each  set  of 
tests,  the  intermediate  bed  length  was  near  the 
minimum  length  for  which  DDT  would  occur. 

Figure  6 illustrates  the  variation  in  calculated 
pressures  for  the  IIMX  motors.  Motors  2 and  4 
detonated,  Motor  .3  did  not.  It  was  observed  that 
differences  in  porosity,  bed  length,  and  void  length 
were  tine  major  factors  in  determining  if  a detonation 
would  occur.  The  increased  porosity  of  the  0.25-inch 
bed  of  Motor  3 effected  a three-fold  decrease  in  the 
mass  generated  per  unit  time  compared  with  Motor  2. 
Venting  of  gases  into  the  void  adjoining  the  short  bed 
also  contributed  to  keeping  pressures  low.  Calculations 
showed  that  following  ignition  of  the  1 .0-inch  bed, 
pressures  rose  quickly  to  the  detonation  level  within 
the  bed,  yet  there  was  little  venting  of  gas  Into  the 
void.  This  agreed  with  previous  analyses  of  beds  of 
RDX  which  showed  that  once  flame  was  well 
established  in  a ‘long’  bed  of  particles  with  high 
S/V,  the  void  had  little  influence  on  whether  or  not 
DDT  occurred.  For  this  1 .0-inch  bed,  detonation 


was  predicted  to  occur  before  the  aft  closure  broke 
loose. 

In  the  0.5-inch  bed,  the  pressure  peak  quickly 
moved  to  the  solid-granule  interface.  A pressure 
oscillation  developed  but  had  essentially  damped  out 
by  the  time  the  pressure  reached  60,000  psi.  From 
this  time  on,  the  pressure  rise  was  nearly  uniform 
throughout  the  bed.  Restriction  of  flow  through  the 
bed  was  sufficient  that  detonation  occurred  before  the 
aft  closure  had  moved  0.05  inch. 

Motors  5,  6,  and  7 contained  beds  of  propellant 
particles  of  approximately  1200/i  diameter.  Because 
of  the  six-fold  decrease  in  the  S/V  compared  to  the 
200  p IIMX,  the  DDT  sequence  was  considerably 
slower  and  there  was  a greater  chance  of  losing  the  end 
closures  before  a detonation  occurred.  The  dominant 
mechanisms  noted  in  the  IIMX  motors  were  also  ob- 
served. Since  all  motors  had  a porosity  between  0.20 
and  0.30,  the  significant  parameters  affecting  DDT  for 
the  three  Type  B propellant  motors  were  the  bed  and 
void  lengths.  A small  void  region  and  absence  of  a 
nozzle  gave  the  5-inch  bed  a more  vigorous  start  than 
the  other  two  motors  (Figure  7).  However,  the 
greater  bed  length  was  more  important.  Once  the 
flatnc  was  established  well  Into  this  long  bed,  the 
combustion  products  could  not  escape  fast  enough 
to  prevent  DDT.  The  small  1/4-lnch-long  void  between 
the  2-inch  bed  and  the  end  closure  of  Motor  7 was 
definitely  a factor  in  the  extremely  high  pressures 
seen  in  this  motor.  Figure  8 compares  pressure-time 


Fig.  6.  Maximum  pressure-time  plots  for  6-inch  HMX 
motors 


263 


AXIAL  LOCATION  (IN.) 


VOID 


0.10  0,15  0,20  0.25  0.30  0.35  0.A0  O.A5 
TIMK  ( MS  ISC) 


Fig.  7.  Pressure-distance  curves  for  Motor  5 


Fig.  K Maximum  pressure- time  plots  for  Motors  5,  6, 
and  7 


plots  for  Motors  5,6,  and  7,  A large  void  such  as 
that  of  Motor  6 would  have  significantly  reduced 
the  pressure. 


LIGHTWEIGHT  MOTORS  WITH 
ANNULAR  POROUS  BEDS 

The  relatively  low  strength  of  the  light-weight 
fiber  cases  made  the  tradeoff  between  mass  genera- 
tion and  expansion  of  the  case  critical  for  Motors 
8 to  10.  The  analyses  of  these  motors,  using  the 
combined  combustion  and  structural  models,  were 
performed  early  in  the  development  of  the  DDT 
model  and  did  not  include  the  void  volume  present 
in  the  motors.  Omission  of  the  void  and  igniter 
sequences  had  some  influence  upon  the  model 
predictions,  but  there  was  sufficient  agreement  be- 
tween analysis  and  experiment  to  demonstrate  the 
reliability  of  the  DDT  model  when  structural  con- 
finement is  a critical  factor. 

Motors  8 to  10  were  nearly  the  same  except  for 
variations  in  particle  sizes.  Only  Motor  8,  loaded 
with  200  p HMX,  detonated.  The  detonation  was 
avoided  in  Motors  9 and  10  because  a slower  mass 


generation  rate  allowed  sufficient  time  for  expansion 
of  the  bed  by  motion  of  tire  propellant  grain  and  the 
case.  The  expansion  slowed  the  reaction  rate  suffi- 
ciently to  allow  the  case  to  rupture  before  pressure 
was  so  high  DDT  could  not  be  stopped.  Figure  9 
shows  the  deformation  of  the  chamber  and  grain  of 
Motor  9 immediately  prior  to  case  failure.  For 
the  Type  A or  Type  B particles  to  detonate  in  these 
lightweight  motors,  they  would  need  to  be  a size 
close  to  that  of  the  HMX. 

Test  results  for  Motor  9 indicated  chamber 
failure  began  at  a point  approximately  1 .5  inches 
into  the  porous  bed  between  2.0  and  2.5  msec  after 
ignition.  Calculations  showed  that  the  case  failure 
would  occur  just  short  of  the  end  of  the  reinforce- 
ment of  the  case;  approximately  3.0  inches  into  the 
bed,  at  1.0  to  1 .2  msec.  Since  the  ignition  sequence 
was  bypassed  in  the  analysis  by  assuming  approximate 
start  conditions  and  the  void  was  omitted,  it  is  felt 
agreement  between  predicted  and  test  results  was  good. 
Test  results  and  predictions  for  Motor  10  were  very 
similar  to  those  of  Motor  9 (Figure  10). 
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in  the  HMX  motor,  case  failure  began  at  the  end  of 
the  case,  but  not  soon  enough  to  prevent  detonation. 
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CASE  FAILS 


AXIAL  POSITION  (IN.) 


MOTOR  8 
MOTOR  9 


Fig.  9.  Pressure  and  deformation  of  lightweight 
case 


Fig.  10.  Comparison  of  pressure-distance  traces 
of  Motors  8 and  9 


Just  as  indicated  by  test  data,  case  failure  was  cal- 
culated to  begin  at  the  end  of  the  case  60  p sec 
'.■■!ter  start.  At  this  time  a pressure  peak  of  81 ,000  psi 
/as  located  1 .0  inch  into  the  bed.  Pressure  continued 
to  rise  ahead  of  the  case  failure  until  a wave  of  approxi- 
mately 100,000  psi  began  moving  through  the  bed.  A 
detonation  followed. 


CONCLUSIONS 

The  combustion  model  has  been  used  to  study  the 
effects  of  variable  parameters,  such  as  porosity  and 
particle  size,  which  strongly  influence  DDT  (1 3).  The 
analytical  predictions  are  in  good  agreement  with 
published  experimental  results.  The  analyses  of  DDT 
tests,  using  the  full  model  described  in  the  report, 
cover  a wide  range  of  test  configurations  and  provide 
further  evidence  that  the  DDT  model  is  a reliable 
analytical  tool.  The  model  not  only  provides  a means 
of  predicting  situations  where  detonation  may  occur , 
but  also  yields  much  detailed  information  about  the 


combustion  process  and  the  dynamic  response  of  the 
test  vehicle.  The  model  cannot  be  applied  to  situations 
where  two-dimensional  effects  are  dominant.  The 
detonation  criteria  must  be  improved;  generation  of 
heat  within  the  particles  due  to  stresses  experienced  is 
a critical  mechanism  to  be  investigated  and  other  im- 
provements can  certainly  be  made.  The  model  has,  how- 
ever, greatly  increased  the  understanding  of  the  highly 
complex  phenomenon  of  DDT. 
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An  analytical  nu  thod,  based  on  the  recent  progress  made  in  the  areas  of  Shoctc 
Waves,  Dislocation  Dynamics,  and  Fracture  Mechanics,  is  presented  for  the  estima- 
tion of  plane  elastic  precursor  decay  in  the  presence  of  cracks  in  a principally  elastic 
material.  Extension  of  the  method  is  suggested  for  the  studies  of  Elastic-plastic 
Wave*,  Elastic-Visco-O,rtstic  Waves  and  other  aspects  of  Shock-Waves  in  such 
materials. 


INTRODUCTION 

Shock  Waves  in  solids  are  most  often  produced  by 
explosion  or  high-speed  impact  on  i material 
boundary.  Shock  growth  and  retardation  studies  in 
the  existing  literature  seems  to  be  restricted  to  those 
effects  due  to  reflection  at  the  free  surface,  or  to  re- 
flection and  refraction  d the  interface.  The  attenua- 
tion of  plane  elastic  precursor  shock  has  played  a 
significant  role  in  the  Dislocation  Dynamics  studies. 
Nonetheless,  it  appears  that  very  scanty  attention  has 
been  diverted  to  the  studies  or  'nteraction  of  disloca- 
tion on  the  shock  propagation,  etc.  Similarly,  good 
many  advances  have  been  made  recently  in  the 
Fr ? -ture  Mechanics.  Studies  of  shock  waves  in  solids 
have  made  distinctive  jontribution  in  understanding 
the  crack  propagation  in  metals,  rocks,  and  other 
solids.  But,  the  converse,  namely,  the  effect  of 
racks  in  a material  on  shock  propagation  and  inter- 
action on  crack  nucleation  and  its  propagation,  seems 
to  have  not  attracted  any  attention. 

It  is  generally  assumed  in  shock  analysis,  the 
material  to  be  homogeneous  and  isotropic.  But,  it  is 
well-known  that  flawlessness  in  a material  is  only  a 
relative  term  when  applied  to  actual  solids.  The 
presence  of  cracks  in  solids  cannot  be  neglected  in 
any  serious  investigation  having  unpoi  tant  practical 
applic;  'ions. 


The  purpose  of  the  present  paper  is  to  discuss 
what  may  happen  when  a shock  wave  is  to  propagate 
itseif  through  a material  having  crack  flaws,  to  pro- 
pose an  dv  .dytical  method  to  estimate  the  precursor 
decay,  and  to  suggest  avenues  for  future  research. 

Before  we  take  up  the  analysis  of  the  problem 
stated  above,  it  may  not  be  out  of  place  to  very 
briefly  describe  the  state  of  art  in  the  studies  of  shock 
wave  mechanics,  dislocation  dynamics,  and  fracture 
mechanics,  as  the  discussion  is  centered  round  the 
recent  progresses  made  in  these  areas. 

SHOCK  WAVE  MECHANICS 

For  our  purpose,  shock  wave  may  preferably  be 
described  as  finite  amplitude  stress  wave  consisting  of 
regions  of  essentially  stable,  discontinuous  or  nearly 
discontinuous  stre:  j change,  called  shock  fronts,  or 
briefly  shocks.  For  simplifying,  it  is  assumed  that  the 
compression  or  rarefaction  phase  of  a shock,  wave  to 
be  a single  discontinuous  shock  front.  Various  solids, 
however,  have  properties  which  produce  multiple 
shock  fronts  travelling  at  different  velocities.  In  care- 
fully conducted  experiments,  it  is  possible  to  generate 
a plane  shock  wave  with  a single  discontinuous  shock 
front.  Important  applications  of  shock  waves  in  the 
study  of  solids  are  reviewed  in  (1).  Reflection  and 
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refrac'ion  of  plane  waves  at  interface  and  free  surface 
in  a solid  are  discussed  in  (2). 


DISLOCATION  DYNAMICS 

The  role  of  the  theory  of  dislocations  in  explaining 
the  an-elasticity  and  other  properties,  is  well  recog- 
nized. The  nature  of  the  study  and  advances  in  the 
theory  are  summarized  in  (3).  The  single  strain  rate 
equation  for  plasticity  is  used  to  explain  the  micro- 
scopic creep,  stress-strain,  and  shock  wave  tests.  A 
straight  dislocation  line  in  dynamical  equilibrium  has 
three  forces  acting  on  it.  Discussing  these  forces,  it  is 
shown  in  (4)  that  the  steady  state  velocity  is  deter- 
mined by  the  ratio  of  the  driving  force  to  the  damp- 
ing constant.  As  a dislocation  moves  past  a point,  the 
material  there  receives  a cycle  of  shear  strain  or  shear 
plus  dilatation. 


FRACTURE  MECHANICS 

Fracture  mechanics  deals  mainly  with  nucleation, 
propagation,  etc.  of  different  types  of  cracks  and  the 
various  conditions  under  which  there  is  likelihood  of 
setting  in  of  instability  in  the  growth  of  cracks  and 
resulting  in  complete  fracture  of  the  material.  An  ex- 
cellent advanced  treatise  in  seven  volumes  of  (5)  deals 
with  various  aspects  of  fracture  mechanics  studies. 

A survey  of  the  contribution  that  dislocation 
theory  has  made  to  the  understanding  of  the  process 
of  fracture  in  solids,  particularly  in  crystalline  solids, 
will  show  that  not  only  does  crystal  dislocation  play 
an  important  role  in  fracture  process  but  also  the  dis- 
location concept  is  of  considerably  wider  v^lur  :n 
understanding  fracture  mechanics  of  solids.  Disloca- 
tions serve  as  convenient  basic  element  in  the  micro- 
scopic treatment  of  fracture.  Crack  equivalent  to  a 
continuous  array  of  dislocations.  The  basic  problem 
in  the  theory  of  cracks  is  the  determination  of  the 
way  in  which  a crack  modifies  the  applied  stress  field. 
Knowledge  of  how  cracks  propagate,  branch,  and 
interact  with  boundaries  is  important  in  many  areas. 
In  addition  to  the  crack  propagation  problems  that 
arise  from  engineering  application  of  materials, 
knowledge  of  fracturing  has  rn  important  bearing  on 
problems  ranging  from  the  performance  of  solid-fuel 
propellants  to  methods  of  excavating  rocks. 


Griffith,  (6,7)  laid  the  theoretical  foundation  for 
the  study  of  b-ittle  fracture  of  ideal  brittle  materials. 
Griffith’s  concept  has  been  extended  (8,9,10)  to  in- 
clude the  case  of  brittle  fracture  of  actual  materials. 
The  analysis  of  Griffith  fracture  model  based  on  the 
thermodynamic  criterion  for  crack  propagation  leads 
to  a necessary  condition  but  not  sufficient  one. 
Sharfuddin  (1 1)  has  shown  that  the  necessary  and 
sufficient  criterion  is  that  there  should  occur  at  the 
crack  edge  total  stress  which  are  sufficient  to  rupture 
the  atomic  bonds.  The  tensile  rupture  of  atomic 
bonds  requires  a stress  of  approximately  one-fifth  of 
the  elastic  modulus,  whereas  brittle  solids  commonly 
rupture  at  about  one-hundredth  of  atomic  cohesive 
force.  It  is  now  recognized  almost  without  contradic- 
tion that  the  relatively  low  strength  of  materials  is 
due  to  the  presence  of  cracks,  either  nucleated  by 
microscopic  dislocation  processes  or  to  inhomogene- 
ity of  composition.  Expressions  for  fracture  tough- 
ness for  various  types  of  deformations  applied  to 
cracks  of  complicated  shapes  are  given  in  (12). 

MECHANISM  OF  SHOCK  RETARDATION  IN  THE 
PRESENCE  OF  CRACKS 

For  studying  the  mechanism  involved,  we  consider 
crack  as  a flat  separation  bounded  within  the  material 
by  a leading  edge  which  is  approximated  as  a simple 
curve.  At  a relatively  small  uniaxial  stress  across  the 
cracked  region,  plastic  strains  are  confined  to  a small 
zone  which  is  regarded  as  a line  disturbance  zone. 

The  natural  locus  for  the  leading  edge  of  the  linear 
analysis  model  crack  is  a central  position  within  the 
plastic  zone  where  the  stress  distribution  is  two- 
dimensional.  The  tensile  crack  stress  field  near  the 
leading  edge  of  a crack  is  regarded  as  either  of  plane- 
strain  or  of  plane-stress  type.  A general  mathematical 
treatment  would  refer  to  mode  I (tensile)  stress  equa- 
tion in  order  to  represent  opening  of  crack  surface 
displacements  and  mode  11  (forward  shear)  and  mode 
III  (parallel  shear)  stress  equations  in  order  to  repre- 
sent stresses  developed  by  application  of  shear 
parallel  to  the  crack  plane. 

It  may  be  said  without  contradiction  that  the 
analytical  aspects  of  shock  wave  studies  are  complete 
relative  to  homogenous-isotropic-linear  elastic  media. 
A similar  statement  should  hold  good  in  respect  of 
linear  fracture  mechanics  relative  to  basic  formulation 
and  ‘wo-dimensional  static  problems.  We  accordingly 
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wish  to  confine  our  discussions  that  follow  only  to 
those  problems  that  come  under  the  purview  of  the 
above  statements.  We  assume  that  the  size,  shape, 
distribution,  properties  and  behavior  of  cracks  are 
random  in  nature  and  their  description  is  governed  by 
either  statistical  averages  or  by  known  distribution 
functions. 

Tire  object  of  this  paper  being  to  examine  the 
effects  of  crack  on  the  retardation  of  shock,  it  is  as- 
sumed that  the  elastic  precursor  is  a simple  unidimen- 
sional plane  shock  of  single  narrow  rectangular  pulse 
of  low  intensity  such  that  the  stresses  produced  in  the 
material  are  below  the  dynamic  yield  and  fracture 
strengths.  It  is  also  assumed  that  before  the  arrival  of 
the  shock,  the  material  is  stress  free,  the  cracks  are 
stable  and  arc  due  to  previous  history,  and  the  tem- 
perature is  below  NDT  (nil-ductility-temperature)  of 
the  material. 

What  happens  when  the  shock  approaches  the 
crack  will  depend  on  the  orientation  of  the  crack 
with  respect  to  the  shock,  on  type  of  deformation  of 
the  crack,  and  on  the  phase  of  the  shock-compres- 
sive or  rarefaction.  The  behavior  of  the  shock  at  the 
cracked  surfaces  will  be  in  effect  that  of  a free  surface. 
But  in  the  case  of  slit  crack  with  compression  phase, 
the  behavior  will  be  that  of  at  the  interface. 

At  the  free  surface,  if  the  incidence  is  direct,  the 
shock  will  be  reflected  with  phase  reversal.  On  the 
other  hand,  if  the  incidence  is  oblique,  it  gives  rise  to 
two  reflected  waves,  one  of  dilatation  and  the  other 
of  distortion.  At  the  interface,  a part  of  the  shock 
will  be  reflected  and  other  part  will  be  refracted,  both 
with  reduced  intensity. 

It  is  well  recognized  that  plane  wave  theory  is  an 
oversimplification  of  the  reality  even  for  unidimen- 
sional small  strain  elastic  problems,  like  the  one  under 
discussion.  We  can  rarely  handle  finite  boundaries 
where  end  reflections  and  internal  interactions  of 
wave  take  place  in  large  numbers.  It  is  therefore  evi- 
dent that  we  should  find  a different  approach  to  the 
problem.  We  have  Hooke’s  law  for  elastic  response 
and  strain  rate  equation  for  plasticity.  If  we  can 
establish  a constitutive  relation  for  crack-sensitive 
elastic-plastic  solids,  we  may  break  the  ice.  The  gen- 
eral approach  we  are  going  to  propose  here  parallels 
the  method  used  for  obtaining  the  rate  dependent 
stress-strain  relationships  in  dislocation  dynamics 


THEORETICAL  ANALYSIS 

Our  guiding  equation  is  the  counterpart  of  the  one 
derived  and  discussed  by  various  authors  following 
the  original  verbal  exposition  by  Orowan,  (13,14) 

7 = bNv  (1) 

where 

7 = avg.  plastic  shear  strain  rate  in  the  vicinity  of 
the  crack  tip, 

b = avg.  interflaw  spacing, 

N = running  crack  density,  and 

v = avg.  running  crack  velocity. 

The  constitutive  relation,  termed  dynamic  by 
Curran  (1 5),  may  be  obtained  by  combining  Eq.  (1) 
with  the  incremental  Hooke’s  law  under  the  assump- 
tion that  the  total  strain  is  the  sum  of  elastic  and 
plastic  components  and  the  plastic  strain  to  cause  no 
volume  change  and  after  taking  time  derivative,  as 
given  below: 

6X  - (X  + 2p)ex  = -(8/3)pbNv  (2) 

where  X and  ju  are  the  usual  Lame  constants. 

Equation  (2)  is  derived  for  a loading  geometry  of 
plate-impact  test  under  conditions  of  uniaxial  strain 
and  the  plane  of  maximum  shear  stress  in  isotropic 
media  is  inclined  at  45°  to  the  direction  of  shock 
propagation. 

Analytical  solutions  of  Eq.  (2)  have  been  obtained 
for  elastic  precursor  decay  and  plastic  shock-wave 
propagation  for  dislocation-dynamics  models,  (16,17, 

1 8).  Corrections  for  the  anisotropy  in  polycrystalline 
samples  have  been  calculated  in  (19).  The  crack 
density,  size,  orientation,  and  formation  have  been 
statistically  investigated  in  (20).  The  Lame  constants 
can  be  taken  from  the  dynamic  elastic  properties  of 
the  material.  If  b and  v are  evaluated  from  the 
known  principles  of  fracture  mechanics,  combining 
Eq.  (2)  with  Lagrangian  equations  for  unidimensional 
wave  motion, 


(3u/3t)  + (36/3x)  = 0 

(3) 

(3u/3x)  + (3e/3t)  = 0 

(4) 
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where  u is  the  mass  velocity,  yield  a complete  system 
which  can,  in  principle,  be  solved  to  obtain  wave  pro- 
files in  materials  in  presence  of  cracks. 

Fracture  calculation  method  in  an  existing  com- 
puter program  that  solves  the  equations  of  continuum 
mechanics  is  two  space  dimensions  and  time  is  de- 
scribed in  (21),  which  can  be  modified  to  effectively 
handle  the  present  problem  in  a high-speed  computer. 
One  can  thus  extricate  enough  information  analyti- 
cally to  allow  comparison  with  results  obtained  exper- 
imentally on  test  samples  with  and  without  cracks. 


DISCUSSION  ON  v,  b,  N & ex 

Once  the  crack  has  started  to  spread,  its  tip  will  be 
moving  at  some  velocity  v = da/dt,  where  2a  is  the 
length  of  the  crack.  As  ‘a 1 becomes  large,  the  limiting 
crack  velocity  is  about  0.4  of  the  elastic  longitudinal 
wave  velocity  for  the  material.  This  has  been  ob- 
served experimentally  in  a number  of  materials. 

The  velocity,  v,  of  a running  crack  can  be  corre- 
lated to  a linear  dependence  in  shear  stress  as  below: 


where  B is  the  damping  coefficient.  Analytical  inves- 
tigation of  material  damping  characteristics  is  dis- 
cussed in  (22)  and  it  is  shown  that  the  net  dissipated 
energy  in  the  material  can  be  expressed  as  a product 
of  four  factors  representing  geometry  of  specimen, 
material  constant,  excitation  amplitude  and  mode 
shape  parameters. 

The  average  interflaw  spacing,  b,  is  the  Cinderella 
of  this  analysis.  It  has  been  considered  as  a material 
characteristic  following  statistical  distribution.  But 
no  suitable  correlation  has  been  found  to  date  to 
allow  a separation  of  its  effects  from  the  distribution 
of  flaw  concentration  factor,  (23). 

For  mobile  crack  models  which  specify  N and  v, 
simple  correlation  is  to  be  obtained  of  crack  proper- 
ties with  dislocation  models  of  the  material  on  the 
assumption  that  the  crack  properties  depend  not  on 
the  statistical  population  of  crack  models  but  on  the 
magnitude  of  a single  value  of  the  statistically  dis- 
persed model  parameter.  Such  a key  parameter  is 


provided  by  the  exponent,  m,  of  the  Weibull’s  special 
distribution  function  for  tensile  strength  of  solids 
(24). 

ap(V)  = Const.  (V)-'/m  (6) 

where  ap  is  the  tensile  strength  and  V the  test  vol- 
umes. A qualitative  physical  interpretation  of  the  ‘m’ 
value  is  that  it  increases  with  increasing  homogeneity. 
Low  ‘m’  value  indicates  inhomogeneous  materials. 

Finally,  the  strain  rate  for  the  running  crack  is 
given  by 

e = asj/5  (7) 

where 

a = constant  crack  speed  (relatively  low) 

ei  s the  critical  strain  at  the  crack  tip. 

8 = Crack  opening  dislocation. 

CONCLUSIONS 

It  is  thus  possible  to  estimate  the  shock  retarda- 
tion in  the  presence  of  cracks  in  a principally  elastic 
media,  except  for  the  small  plastic  none  near  the 
crack  tip.  The  method  proposed  is  based  on  the 
progress  made  in  the  recent  past  in  the  areas  of  shock 
wave  mechanics,  dislocation  dynamics,  and  fracture 
mechanics  studies.  The  analysis  presented  is  applica- 
ble for  the  decay  of  the  precursor.  It  can  be  extended 
to  the  studies  of  elastic-plastic  stress  waves,  elastic- 
visco-plastic  waves  and  other  aspects  of  shock  waves 
in  the  presence  of  cracks  in  a material.  Conversely, 
the  decay  of  shock  wave  in  a material  may  be  used  to 
evaluate  the  existence  of  cracks  in  a material  and  their 
average  properties,  as  against  the  evaluation  of  indi- 
vidual cracks  by  the  usual  ultrasomc  method.  The 
utility  or  otherwise  of  the  method  proposed  for  fur- 
ther researches  in  different  areas  depends  on  getting 
an  experimental  verification  of  the  results  predicted 
by  the  proposed  method. 
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DISCUSSION 

J.  J.  DICK 

Washington  State  University 
Pullman,  Washington 

As  I understand  it,  the  author  suggests  that  plastic 
strain  rate  is  proportional  to  average  distance  between 
flaws  b (Eq,  1 ).  This  does  not  make  sense  to  me  since 
this  implies  that  the  greater  the  spacing  (fewer  flaws) 
the  greater  the  strain  rate. 


AUTHOR’S  REPLY 

While  thanking  the  discussor  for  taking  interest  in 
the  paper,  the  author  would  like  to  point  out  the 
fallacy  in  assuming  “the  greater  the  spacing  (fewer 
flaws).”  The  flaw  density  is  defined  by  the  term  N in 
equation  (1)  and  is  independent  of  b,  the  inter  flaw 
facing. 
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SENSITIVITY  OF  EXPLOSIVE  SUBSTANCES 
A MULTIVARIATE  APPROACH 


Stig  Ek 

Swedish  National  Defense  Research  Institute 
Stockholm,  Sweden 


A new  philosophy  in  sensitivity  testing  and  risk  evaluation  is  presented.  An  ex- 
plosive substance  should  be  tested  by  a test  battery  comprising  many  and  varied 
tests.  The  test  battery  should  be  designed  and  the  information  in  the  results 
extracted  with  the  aid  of  multivariate  statistical  methods.  This  will  give 

a.  An  understanding  of  the  meaning  of  the  tests. 

b.  A certain  possibility  to  evaluate  the  risks  directly  from  it  priori  in- 
formation about  the  substance. 

c.  A characterization  of  the  sensitivity  of  a substance  by  a few  figures. 

Future  risks  can  be  estimated  from  the  relative  positions  of  a substance  and 
known  substances,  e.g.  TNT  and  PETN,  in  a space  with  these  characteristic 
figures  as  coordinates. 

The  methods  are  demonstrated  by  an  analysis  of  an  experimental  material  from 
BAM  in  Berlin  comprising  homogeneous  substances  and  pyrotechnic  mixtures 
tested  in  several  tests. 


INTRODUCTION 

When  triggered  by  a suitable,  sufficiently 
energetic  impulse  an  explosive  substance  reacts 
chemically  with  the  liberation  of  energy.  The  input 
of  energy  needed  to  start  the  reaction  is  very  differ- 
ent for  different  substances.  To  start  the  reaction 
with  a high  degree  of  certainty  the  various  explosive 
devices  therefore  need  ignition  systems  designed  to 
transfer  the  proper  amount  of  energy  in  proper 
foim. 

During  its  production  and  handling  an  explosive 
substance  is  exposed  to  unwanted  input  of  various 
kinds  of  energy.  This  can  under  unfavourable  cir- 
cumstances lead  to  ignition  of  *be  substance  and 
possibly  to  accidents.  Since  the  consequences  of 
such  accidents  can  be  very  severe,  we  must  take 
effective  precautions  to  keep  the  probability  of  such 


unintentional  ignitions  at  a very  low  level.  This  is 
possib'  j only  if  we  know  enough  about  the  be- 
haviour of  the  substances  in  various  situations. 

We  get  such  knowledge  mainly  in  three  ways: 
through  various  types  of  fundamental  studies, 
through  different  kinds  of  sensitivity  tests,  and  from 
statistics  concerning  accidents  and  exceptional  be- 
haviour in  production  and  handling. 

Whatever  method  we  use  to  predict  possible  acci- 
dents, we  have  one  fundamental  problem.  The  sub- 
stances can  be  subjected  to  so  many  different 
situations,  each  with  its  own  pattern  of  different 
kinds  of  stress,  that  it  is  impossible  to  imagine  them 
all.  With  more  theoretical  understanding  we  can  make 
theoretical  predictions  of  risks  in  more  and  more 
situations,  but  a wholly  complete  understanding  and 
description  of  all  potential  risk  situations  will  never 
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be  possible.  Therefore  systems  for  sensitivity  testing 
will  always  be  one  important  basis  for  our  decisions. 

SENSITIVITY  TESTING  IN  RISK  ASSESSMENT 

To  predict  the  behaviour  of  a certain  substance 
under  “natural”  stress  one  can  observe  its  behaviour 
in  a number  of  sensitivity  tests,  each  designed  to 
show  its  reaction  in  a certain  situation.  A test  relevant 
to  this  situation  will  rank  the  explosives  according  to 
their  risks  in  just  (!■•'*•  ease. 

To  create  meaningful  sensitivity  tests,  one  must 
analyze  the  situation,  describe  it  in  appropriate  cat- 
egories, and  then  design  the  test  to  give  a result 
relevant  to  just  this  situation,  As  always  in  sensitivity 
testing  many  replications  of  the  test  are  needed  be- 
fore we  can  guarantee  a really  small  accident  risk. 
Since  the  possible  combinations  of  situations  and 
substances  are  very  numerous,  it  would  be  pro- 
hibitively expensive  and  time-consuming  to  design 
and  perform  such  “tailor  made”  tests  in  more  than  a 
few  really  important  cases. 

For  a long  time  we  have  therefore  used  "standard 
tests".  These  are  simple  to  perform  and  are  supposed 
to  give  an  indication  of  the  sensitivity  in  some  typical 
situations  e.g,  impact  and  friction.  Many  of  them 
are  carefully  standardized  and  prescribed  for  the  legal 
classification  of  explosive  substances. 

The  standard  tests  can  give  an  indication  of 
possible  risks  without  too  much  work,  but  we  must 
have  in  mind  their  limitations.  They  are  neither  close 
duplications  (simulation)  of  specific  hazardous  situa- 
tions, nor  physically  "pure”  tests.  They  have  been 
designed  often  in  an  intuitive  way  to  resemble  some 
"type  situations”.  Therefore  most  specific  practical 
situations  can  neither  be  closely  paralleled  by  one  of 
the  tests  (e.g.  drop  weight  test)  nor  estimated  from 
the  test  via  fundamental  physical  and  chemical  char- 
acteristics. 

We  can,  nevertheless,  often  correctly  estimate  the 
risks  in  "conventional"  risk  situations  for  explosives 
of  well-known  types  from  such  test  results.  This  is 
possible,  since  we  have  a vast  experience  as  regards 
the  common  types  of  explosives,  both  from  such 
testing  and  from  statistics  concerning  accidents  and 
exceptional  behaviour  in  "standard  situations”. 


MULTIVARIATE  METHODS  IN 
TESTING  AND  EVALUATION 

As  the  possibly  hazardous  situations  are  very  num- 
erous and  varied,  we  need  a wide  and  representative 
basis  for  our  decisions.  We  need  rather  many  tests  of 
very  different  kinds  (1), 

The  testing  of  many  substances  in  many  tests  tells 
us  the  behaviour  of  every  explosive  in  every  test,  but 
this  is  only  one  aspect  of  the  information  contained 
in  the  results.  The  relation  between  the  sensitivities  of 
the  substances  is  different  for  the  different  tests  (and 
this  is  of  course  the  reason  why  we  need  many  tests). 
The  lest  results  form  a rather  complicated  pattern. 
With  the  aid  of  suitable  multivariate  statistical 
methods  we  can  analyze  this  pattern  and  present  the 
information  it  contains  in  a compact  and  lucid  way. 

Such  methods  are  much  used  in  the  social 
scieneies,  but  much  less  so  in  the  physical  sciences, 
e.g.  the  explosives  field,  perhaps  because  we  can  often 
interpret  our  experimental  results  from  reliable  theor- 
ies, whereas  in  the  social  sciences  the  theoretical 
foundation  is  less  precise  and  mote  controversial  and 
the  systems  studied  very  complex. 

In  spile  of  our  rather  well  developed  theoretical 
knowledge  I think  it  is  rational  to  make  extended  use 
of  multivariate  statistical  methods  in  our  work,  The 
analysis  of  a material  with  these  methods  is  not  only 
a statistically  efficient  way  to  condense  the  experi- 
mental results.  Used  in  an  intelligent  way  It  can  repre- 
sent an  independent  way  of  thinking  in  our  field  and 
a fair  chance  to  discover  new  facts  and  relations  fund- 
amental for  our  understanding. 

TESTING  IN  GENERAL 

Testing  is  done  extensively  in  many  fields  to  gel 
information  about  the  behaviour  of  e.g.,  mechanical 
units  or  people  in  different  situations.  The  general 
problem  here  is  to  design  and  use  a battery  of  tests 
that  is  relevant  to  some  important  situations  the  test 
battery  must  have  a high  validity. 

Since  the  aim  of  testing  is  about  the  same  in  differ- 
ent fields,  it  must  be  profitable  for  us  to  study  some 
of  the  methods  used  and  the  results  obtained  in  other 
fields.  1 think  this  is  especially  true  about  some 
branchos  of  psychological  testing. 
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Thus  in  ability  testing  -e.g.  IQ  tests  and  their 
equivalents  a tremendous  amount  of  work  has  been 
done  during  the  last  100  years  or  so.  One  of  the  most 
important  multivariate  methods,  factor  analysis,  has 
been  developed  and  extensively  used  in  connection 
with  ability  testing  and  the  search  for  moaningful 
categories  to  describe  the  function  of  the  human 
mind  (2). 

To  use  the  knowledge  and  experience  from  the 
psychological  field  as  well  as  possible  we  can  1 
think  without  change  adopt  many  statistical 
methods  of  a general  character  and  some  test 
strategies  that  have  been  fruitful  there.  Because  our 
problems  can  be  more  strictly  defined  and  our  theo- 
retical background  is  better,  1 think  we  can  also 
profitably  modify  some  methods  and  develop  new, 
even  more  effective  ones,  in  our  field. 


IMPORTANT  MULTIVARIATE  METHODS 

Some  of  the  multivariate  methods  are  fundamental 
for  an  understanding  founded  on  statistical  criteria: 
Multiple  regression,  discriminant  analysis,  and  factor 
analysis  with  the  special  case  of  principal  components 
analysis. 

Multiple  regression  analysis  can  tell  us  how  certain 
parameters  affect  the  behaviour  of  the  substances 
under  various  conditions.  These  parameters  can  be 
the  composition  of  the  substances  or  characteristic 
values  as  regards  the  special  environments,  etc, 

Discriminant  analysis  gives  the  most  efficient 
measure  of  tho  difference  between  two  or  more 
groups  of  substances  that  is  possible  with  u linear 
combination  of  the  variables  tested.  If  we  think  that 
two  or  more  groups  of  substances  in  our  material 
differ  in  some  respect,  we  can  lest  this  hypothesis 
with  the  aid  of  discriminant  analysis  using  all  the  tests 
or  a suitable  subgroup  of  tests. 

Factor  analysis  gives  information  about  the  struc- 
ture in  the  relations  between  substances  and  tosts  and 
between  the  various  tests.  It  tells  us  the  dimension- 
ality of  our  system  and  thus  gives  a measure  of  its 
complexity.  A can  help  us  design  rational  test 
batteries,  and  factor  analysis  or  principal  components 
analysis  gives  an  effective  mean  for  evaluating  the 
results  from  « rest  battery  Tire  information  about  the 
structure  contributes  to  cur  understanding  of  the 


mechanisms  at  work  and  can  give  valuable  ideas  for 
new  fundamental  research  (3,  4,  5). 

Basic  Data  for  the  Analyses 

The  results  from  the  various  sensitivity  tests  can  be 
of  very  different  character,  and  they  are  often  meas- 
ured in  units  that  arc  not  directly  comparable  (time, 
temperature,  pressure,  length,  etc.),  In  psychological 
testing  the  “standard  score”  is  very  much  used.  It  is 
defined  as  (X-M)/o  where  X is  the  measurement  at 
hand,  M its  mean  value  in  the  material,  and  a the 
standard  deviation  of  this  measure  in  the  matoria).  In 
this  way,  each  substance  will  have  a “score"  in  a lest 
that  tells  how  many  standard  deviations  its  value  is 
higher  or  lowor  than  the  group  mean.  The  signs  arc 
chosen  so  that  a positive  standard  score  means  a re- 
latively sensitive  substance,  a negative  one  a relatively 
insensitive.  In  some  eases  a transformation  of  the 
values  has  been  performed  to  give  a more  nearly  nor- 
mal distribution. 

In  this  way,  the  results  from  all  the  tests  are  eom- 
patabie,  and  the  information  can  be  conveniently 
described  as  correlations  in  the  system.  Two  sets  of 
such  correlations  are  of  special  interest  here. 

1 . Between  results  from  various  tests  witli 
different  substances. 

2.  Between  some  parameters  possibly  relevant  to 
the  substances  and  their  behavior  in  the  tests. 


ANALYSIS  OF  AN  EXPERIMENTAL  MATERIAL 

To  test  the  use  of  multivariate  methods  in  sen- 
sitivity testing  we  have  analyzed  results  obtained  by 
BAM  in  Berlin  and  published  during  1961-70  (0). 
This  material  consists  of  results  in  a number  of  sen- 
sitivity tests  of  nearly  100  different  explosive 
substances.  40  of  the  substances  are  homogeneous 
both  normal  explosives  and  other  chemical  com- 
pounds with  some  explosive  properties  -and  nearly 
60  pyrotechnic  composition' 

The  tests  subject  the  substances  to  heat  in 
different  forms- -open  or  in  different  states  of  con- 
finement-and  to  impact,  friction,  dotonative  shock 
in  steel  tubes,  and  measure  the  explosive  strength  in  a 
lead  block. 
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After  a lot  of  tentative  analyses  we  have  mainly 
analyzed  a subset  of  rather  well-known  substances,  29 
homogeneous  ones,  18  chlorate  mixtures  and  18 
aluminium  mixtures. 

The  4 tests  for  ignitability  by  sparks  of  two  kinds, 
flame  and  red  hot  iron  were  conveniently  combined 
into  one  figure  of  ignitability,  and  the  2 tests  of  de- 
tonability  in  steel  tubes  could  without  loss  of 
information  also  be  condensed  into  one  figure. 

We  have  used  the  following  tests  in  our  analyses: 

9.  Time  for  reaction  in  a red  hot  steel  bowl. 

10.  Behaviour  in  a heated  glass  capillary. 

1 1 . Behaviour  in  a heated  steel  box  8X8X8 
cm. 

12.  Largest  orifice  in  the  BAM  apparatus  (Kocncn 
test)  for  bursting  of  the  steel  crucible. 

14.  Time  from  beginning  of  reaction  in  test  1 2 
to  explosion. 

15.  Friction  sensitivity  in  the  BAM  apparatus. 

16.  Impact  sensitivity  in  the  BAM  drop 
weight  test. 

17.  Lead  block  expansion  according  to  BAM. 

20.  Above  mentioned  index  of  ignitability. 

21.  Dotonability  in  l"  or  2"  steel  tube. 

in  some  analyses  we  have  also  included 

1 .  Ignition  temperature  in  a Wood  metal  bath. 

Id.  Time  from  beginning  of  heating  in  the 
Kocncn  lest  to  first  sign  of  reaction. 


To  make  possible  a less  confused  presentation  of 
the  results  the  tests  are  often  grouped  as  below, 


A. 

Ignition  temperature  and  equivalent 

1,13 

B. 

Heal  supplied  to  open  substance 

9,20 

C. 

Heat  supplied  to  partially  enclosed 

substance 

10,  12,  14 

D. 

Heat  supplied  to  totally  enclosed 

substance 

1) 

E. 

Impact  test 

'6 

F. 

Friction  test 

15 

G. 

Lead  block  and  detonability 

17,21 

The  tests  in  each  one  of  these  (natural)  groups 
have  rather  high  intercorrclations  within  the  group 
and  usually  follow  each  other  in  the  analyse-. 


Multiple  Regression 

We  have  chosen  3 measures  as  independent  vari- 
ables to  explain  the  behaviour  of  the  18  chlorate 
mixtures  in  12  tests.  They  are: 

1 . The  total  amount  of  available  energy  per  unit 
weight  represented  by  the  amount  of  oxygen  that  can 
be  transferred  from  an  oxidizer  to  a fuel. 

2.  The  part  of  this  energy  that  can  be  liberated 
more  easily,  represented  by  the  amount  of  oxygen 
that  can  be  transferred  from  a chlorate  to  a fuel. 

3.  The  part  of  this  latter  energy  that  can  be  devel- 
oped through  transfer  of  oxygen  from  a chlorate  to  a 
subclass  of  the  fuels. 

The  analysis  shows  that  the  most  important  of 
these  variables  is  number  2,  This  is  in  agreement  with 
our  general  experience  that  a high  chlorate  content 
gives  a higher  sensitivity. 

Multiple  regressions  arc  obtained  that  explain 
between  49  and  92%  of  the  variance  in  the  1 2 tests.  I 
think  this  is  a good  result  considering  the  difficulty  of 
obtaining  exact  results  in  sensitivity  testing. 

To  get  a largely  independent  result  we  performed  a 
factor  analysis  on  the  same  material  and  extracted  3 
factors.  The  factor  analysis  does  not  use  the  informa- 
tion about  the  values  of  our  independent  variables, 
but  gives  its  results  only  on  the  basis  of  the  inter- 
correlation between  tests.  On  the  other  hand,  the 
multiple  regression  computes  the  results  for  each  test 
without  regard  to  these  intercorrclations.  If  therefore 
the  results  from  the  two  analyses  agree  reasonably 
well,  the  results  must  be  of  some  significance. 

The  factor  analysis  explains  between  25  and  99% 
of  the  variance  in  the  tests.  The  mean  value  explained 
is  70%  in  the  regression  analysis  and  73%  in  the  factor 
an  ,lys*s. 

In  Fig.  1 the  pattern  in  the  results  from  the  two 
analysis  are  compared.  Both  results  can  be  repre- 
sented as  vectors  in  a 3-dimensional  space.  A test 
vector  has  a length  equal  to  the  square  root  of  the 
part  of  variance  explained.  The  correlations  between 
each  of  our  independent  variables  and  a test  vector  in 
the  regression  model  and  between  two  test  vectors  in 
the  factor  analysis  model  are  represented  by  their 
sscalur  products.  Two  vectors  at  right  angles  have  zero 
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Fig.  1.  Comparison  between  multiple  regression  and 
factor  analysis  for  18  chlorate  mixtures. 

correlation,  two  vectors  close  to  each  other  a high 
correlation.  The  test  vectors  are  extended  to  unit 
length  to  meet  the  surface  of  a sphere.  A map  of  the 
points  where  the  test  vectors  meet  the  surface  of  a 
unit  the  sphere  is  then  made. 

Filled  triangles  represent  the  results  from  the 
factor  analysis,  open  circles  the  results  from  the  mul- 
tiple regression.  The  regression  solution  has  been 
rotated  to  coincide  as  well  as  possible  with  the  factor- 
analysis.  The  3 circular  arcs  represent  tiro  3 great 
circles  enclosing  the  positive  octant  of  the  unit 
sphere.  The  letters  represent  the  group  means  above. 
The  lines  represent  the  discrepancy  between  the  two 
solutions. 

As  both  the  explained  part  of  the  variance  in  the 
tests  and  the  picture  of  the  relative  intcrcorrelations 
between  the  tests  coincide  rather  closely,  we  have 
shown  it  is  possible  to  compute  the  results  in  several 
tests  and  their  relation  to  each  other  from  a few  fun- 
damental (chemical  and  /or  physical)  parameters. 

All  these  relations  between  cause  and  effect,  be- 
tween various  tests,  and  between  the  two  kinds  of 
solution  are  of  course  much  better  seen  in  a 3- 
dimcnsional  model. 

Discriminant  Analysis 

in  our  material  we  have  homogeneous  substances 
and  pyrotechnic  mixtures.  Those  two  groups  might 
behave  differently  because  the  energy-producing 


reaction  in  pyrotechnic  mixtures  is  a transfer  of 
oxygen  from  a grain  of  oxidizer  to  a grain  of  fuel, 
whereas  in  the  homogeneous  substances  the  energy- 
producing  reaction  can  take  place  within  the  same 
molecule. 

Are  we  able  to  demonstrate  a clear-cut  difference 
between  the  two  groups  from  the  10  test  results 
chosen?  To  answer  this  question  we  have  performed  a 
discriminant  analysis,  in  such  an  analysis  each  sub- 
stance is  characterized  by  a value  in  a discriminant 
function.  In  Fig.  2 the  distribution  of  these  values  is 
given  for  the  substances. 

As  can  be  seen  the  substances  arc  divided  into  two 
distinct  groups.  We  can  ask  whether  we  really  need  all 
these  tests  or  whether  a subgroup  of  them  will  dis- 
criminate as  well.  To  answer  this  question  we  have 
performed  a stepwise  discriminant  analysis,  which 
shows  that  a group  of  7 tests,  14,17,  11, 20,  i 5,  16, 
and  9,  discriminate  as  well  as  all  the  10  tests.  Their 
discriminative  effects  arc  in  the  order  given  with 
number  14  the  most  effective,  followed  by  number 
17. 

Principal  Components  Analysis 

The  results  from  the  various  tests  arc  rather 
strongly  correlated  in  our  material.  One  can  therefore 
effectively  condense  the  results  in  many  tests  without 
losing  a significant  amount  of  information.  Through 
the  averaging  effect  in  this  process  these  new  func- 
tions can  also  be  more  precise  than  the  original  test 
result. 

Such  a condensation  can  effectively  be  done  with 
the  aid  of  principal  components.  The  first  such  com- 
ponent is  computed  so  as  to  explain  as  much  as 
possible  of  the  variance  in  the  results,  the  second 
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Fig.  2.  Discriminant  analysis. 
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component  as  much  as  possible  of  the  remaining 
variance  etc.  These  components  are  constructed  to  be 
orthogonal.  The  original  results  are  in  this  way  ex- 
plained as  well  as  possible  for  a certain  number  of 
functions. 

We  performed  a principal  components  analysis  on 
the  results  from  the  65  substances  tested  in  10  tests. 
83%  of  the  total  variance  can  be  explained  by  the 
first  3 components  and  75%  by  the  first  2.  One  can 
thus  give  a good  picture  of  the  results  in  3 dimen- 
sions, and  even  a picture  in  2 dimensions  contains 
most  of  the  information,  see  Fig.  3. 

The  first  component  represents  mainly  the  sensitivity 
in  all  tests  except  the  detonability  tests  17  and  21 . 

The  second  component  represents  above  all  these  two 
tests.  As  a very  crude  approximation  one  can  regard 
the  first  component  as  representative  of  the  sensi- 


tivity to  heat  and  low  intensity  mechanical  stress,  the 
second  component  of  detonability  and  sensitivity  to 
high  intensity  shock  waves.  The  third  component  is 
of  a more  mixed  character. 

The  homogeneous  substances,  the  chlorate  mix- 
tures, and  the  aluminum  mixtures  form  3 distinct 
groups  where  the  typical  substances  in  each  group  lie 
rather  close  to  the  3 lines  in  the  figure.  This  means 
that  the  homogeneous  substances  are  relatively  more 
sensitive  to  high  intensity  shocks  of  short  duration 
than  to  low  intensity  energy  input  with  longer  dura- 
tion. For  pyrotechnic  mixtures  it  is  vice  versa  and 
most  pronouncedly  for  the  aluminum  mixtures.  This 
is  well  in  accordance  with  the  difference  in  reaction 
kinetics  mentioned  above  and  to  the  fact  that  both 
the  pyrotechnic  compositions  and  the  homogeneous 
explosives  have  been  designed  and  selected  to  act  this 
way. 
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In  each  group  the  most  sensitive  substances  lie 
close  to  the  upper  right  part  of  the  lines,  with  the 
others  following  in  descending  order  to  the  least 
sensitive  at  the  lower  left.  For  the  pyrotechnic  mix- 
tures the  order  along  the  lines  corresponds  to  the 
general  rating  of  sensitivity  made  by  BAM.  For  the 
homogeneous  substances  this  order  is  evident  from 
the  position  of  some  well-known  substances  indicated 
in  the  figure,  from  the  most  sensitive  Nitroglycerine 
and  PETN  at  the  upper  right  over  Tctryl  and  RDX  to 
the  insensitive  Dinitrobenzene,  Nitroguanidine,  and 
Ammonium  nitrate  at  the  lower  left. 

Even  if  the  principal  components  in  such  a system 
do  not  represent  intuitively  simple  concepts  (which, 
however,  the  first  two  components  do  here)  one  can 
estimate  the  risks  for  a newly  tested  substance  from 
its  place  relative  the  well-known  ones. 

Factor  Analysis 

A principal  components  analysis  tries  to  explain  as 
much  as  possible  of  the  total  variance  in  the  test 
results  and  thus  gives  a compact  description  of  these 
results.  A factor  analysis  on  the  other  hand,  tries  to 
explain  as  much  as  possible  of  the  intcrcorrclations 
between  the  tests  in  the  system.  If  therefore  gives  an 
insight  into  the  structure  of  the  system  and  may 
possibly  disclose  some  important  new  categories  in 
tiic  field. 

We  have  made  such  analyses,  first  with  the  whole 
material  6S  substances  in  10  tests-and  then  with 
different  subgroups  of  the  substances  in  the  same  10 
tests. 

The  Whole  Material 

The  factor  analysis  shows  that  3 dimensions  are 
needed  to  explain  the  relations.  This  is  in  good  agree- 
ment with  the  result  above  from  the  principal  com- 
ponents analysis.  Fig,  4 gives  a map  of  the  relations 
between  the  test  groups  B G.  It  is  constructed  in  the 
same  way  as  in  Fig.  1 . 

The  corners  of  the  triangle  give  the  positions  of 
the  factors  rotated  according  to  the  (in  connection 
with  factor  analysis  conventional)  varimax  principle. 
Such  a rotation  is  of  great  importance  in  the  social 
sciences  as  an  aid  in  identifying  unknown  basic 
factors,  especially  in  solutions  in  many  dimensions, 
but  is  not  as  important  here.  We  have  a better  chance 


to  identify  the  findings  with  the  aid  of  our  physical 
and  chemical  knowledge. 

It  is  immediately  seen  that  the  tests  in  groups  B F 
are  more  or  less  correlated  in  this  material,  but  group 
G,  the  behaviour  when  subjected  to  a shock  wave,  is 
uncorrelatcd  to  the  others,  and  even  negatively  cor- 
related to  B and  C,  the  reactions  to  heat  unenclosed 
and  lightly  enclosed  respectively. 

This  negative  correlation  depends  on  the  fact  that 
the  homogeneous  substances  as  a group  are  relatively 
more  sensitive  to  shock  waves  than  to  heat  in  open 
condition,  and  the  pyrotechnic  compositions  on  the 
other  hand  are  relatively  more  sensitive  to  heat  in  free 
conditions  than  to  detonativc  shock,  Within  each  of 
these  two  groups  the  sensitivity  to  detonativc  shock 
is-morc  or  less — positively  correlated  to  the  un- 
confined heat  tests. 

Subgroups 

Separate  factor  analyses  have  been  performed  for 
the  homogeneous  substances  and  for  the  pyrotechnic 
mixtures.  In  each  case  2 dimensions  are  needed.  The 
test  vectors  are  shown  in  Fig,  5a  and  b.  The  patterns 
arc  about  the  same,  with  the  open  or  partially  closed 
heat  tests  B and  C as  one  extreme  type  of  tests,  and 
the  detonability  tests  G as  the  other  extreme.  There 
are  some  irregularities  howevor,  which  I think  arc 
mainly  caused  by  the  too  low  dynamic  range  in  some 
of  the  tests.  This  is  very  obvious  in  2 tests  as  regards 
the  homogeneous  substances. 

Only  5 of  our  29  homogeneous  substances  did 
react  at  all  in  the  friction  machine  used -3  of  them 
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Fig.  5.  Factor  patterns,  a:  Homogeneous  substances;  b:  Pyrotechnic  mixtures;  c:  All  substances. 


only  tor  the  maximum  stress  possible.  The  correla- 
tions in  this  subgroup  between  test  F and  the  others 
are  therefore  biased  compared  to  what  a friction  test 
with  ample  dynamic  range  would  give.  The  correla- 
tions are  all  very  low  and  the  test  vector  F is  badly 
explained  in  the  analysis  and  probably  wrongly 
situated. 

We  have  the  reverse  problem  as  regards  the  deton- 
ability  tests  for  the  homogeneous  substances.  All  but 
4 of  them  detonated  completely  in  the  l"  steel  tube. 
An  effective  classification  is  obviously  not  possible.  If 
(or  when)  we  design  a completely  new  test  battery  it 
is  important  to  have  tests  with  sufficient  dynamic 
range  to  get  reliable  results  in  this  kind  of  analyses. 

A way  to  diminish  the  effect  of  too  low  dynamic 
range  in  our  tests  is  to  compute  correlation  coeffi- 
cients in  the  2 subgroups,  as  a basis  for  a factor 
analysis.  Since  some  tests  have  low  dynamic  range  in 
one  group,  some  tests  in  the  other,  we  will  in  this  way 
have  a fair  chance  to  avoid  too  much  biased  correla- 
tion coefficients. 

We  have  performed  a factor  analysis  on  these 
correlations.  The  test  vectors  are  shown  in  Fig.  5c. 

This  factor  structure  has  the  same  general  appear- 
ance as  the  structures  for  the  2 subgroups.  It  is  how- 
ever very  different  from  the  pattern  in  Fig.  4,  because 
here  we  have  the  structure  within  the  2 groups. 

I think  this  structure  in  Fig.  5c  is  the  best  general 
picture  we  can  give  of  explosive  substances  in  a test 
battery  as  this.  We  can  distinguish  two  factors:  sensi- 
tivity to  heat  unconfincd  and  detonability.  The  other 
tests  measure  something  in  between.  All  kinds  of 


sensitivity  are  positively  correlated  ( within  groups) 
and  the  nature  of  the  tests  changes  stepwise  in  the 
direction  BCD  -E--F-C. 

Worth  noting  is  that  D and  E,  the  heat  test  in  a 
closed  steel  box  and  the  impact  test,  according  to  this 
and  other  analyses  seem  to  measure  about  the  same 
type  of  sensitivity.  This  is  a little  puzzling  and  not  A 
priori  obvious. 

DISCUSSION 

The  analysis  of  the  experimental  material  from 
BAM  has  shown  that  it  is  possible  to  get  valuable 
information  of  new  kinds  with  the  aid  of  multi- 
variate statistical  analyses.  A new  insight  into  the 
structure  of  the  substances  - tests  relations  has  been 
obtained  and  a method  to  describe  the  risks  for  a 
substance  on  the  basis  of  test  results  has  been  demon- 
strated. 

To  make  full  use  of  the  methods  it  is,  however, 
not  enough  to  analyze  a material  already  at  hand.  It  is 
necessary  to  do  experimental  work  with  new  tests  to 
develop  really  effective  test  batteries. 

The  clear  division  between  groups  of  explosive 
substances  and  the  relatively  simple  structure  within 
groups  make  it  seem  rational  to  develop  new  test 
strategies  as  a kind  of  stepwise  testing.  The  first  step 
would  be  a decision  to  what  group  the  substance 
should  belong.  In  this  step  the  known  chemical  and 
physical  parameters  for  the  substance  are  obviously 
very  important.  The  next  step  would  consist  of 
applying  a battery  of  tests  especially  suited  for  this 
particular  group. 


279 


fl 


A presentation  of  the  sensitivity  of  the  substance 
in  this  battery  as  principal  components,  as  has  been 
done  here,  is  probably  one  of  the  most  efficient  ways. 
Since  this  kind  of  averaging  gives  figures  that 
normally  arc  much  more  reliable  than  the  results  of 
the  single  tests  in  the  battery  and  a large  variety  of 
tests  is  necessary  to  avoid  “unconventional”  acci- 
dents, it  will  be  optimal  to  divide  a certain  amount  of 
experimental  work  between  as  many  tests  as  possible 
with  only  rather  few  replications  in  each  test.  That 
the  results  from  each  of  the  tests  will  be  very  un- 
certain does  not  matter  in  such  a system. 

If  one  really  needs  a point  information  for  a 
special  ease  the  problem  is  of  course  different.  Then 
one  needs  a kind  of  tailor  made  test. 
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The  static  and  dynamic  stability  of  heterogeneous  deflagration  waves  for  finite  size 
disturbances  is  examined.  In  order  to  retain  the  important  nonlinearities,  an 
approximate  formulation  of  the  problem  has  been  written  by  means  of  a standard 
integral  method.  At  a given  pressure,  a minimum  surface  heat  release  exists  above 
which  upper  dynamic  instability  shows  up.  This  leads  to  abrupt  accelerations 
of  the  monodimensional  deflagration  processes.  The  burning  rate  may  increase  by 
orders  of  magnitude  even  at  pressures  of  few  tens  of  atm.  For  further  increases  of 
surface  heat  release,  stationary  configurations  are  no  longer  allowed  and  steady 
oscillating  burning  rates  are  observed  as  solutions.  For  even  larger  increases  of 
surface  heat  release,  the  only  allowed  steady  solution  is  the  trivial  nonreacting 
configuration.  The  predictive  capability  of  the  proposed  approach  is  well  verified 
by  computer  simulated  experiments. 


INTRODUCTION 

The  purpose  of  this  study  is  to  analyze  the  heter- 
ogeneous deflagration  wave  stability  properties  pecu- 
liar to  the  essentially  nonlinear  character  of  the 
relevant  phenomena.  These  are  described  by  a 
strongly  nonlinear  second  order  partial  differential 
equation  of  parabolic  type.  There  is  today  no 
rigorous  analytical  way  for  dealing  in  general  with 
such  a problem. 

In  order  to  ascertain  general  properties  of  the 
governing  set  of  equations,  an  approximate  formula- 
tion of  the  problem  in  terms  of  an  ordinary  differential 
equation  has  been  written  (1).  This  allows  one  to 
define  stability  boundaries  for  finite  size  disturbances 
of  burning  rate,  not  only  at  constant  pressure  (static 
stability)  but  also  following  timewise  monotonic 
changes  of  the  controlling  parameters  (dynamic 
stability).  In  principle,  the  proposed  approach  may 
be  applied  to  deflagration  waves  associated  with  any 
substance  initially  in  a condensed  phase,  provided  a 
proper  flame  model  is  furnished.  However,  in  the 
sequence  of  papers  (1  -3)  prepared  by  this  writer, 


quantitative  applications  are  made  with  reference  to  a 
tative  applications  are  made  with  reference  to  a 
solid,  ammonium  perchlorate  based,  composite  pro- 
pellant indicated  as  AP/PBAA  #941  by  the  Princeton 
group.  For  this  clr  f heterogeneous  deflagration 
waves  very  satisfac,  / flame  models  have  been 
developed  by  Summerfield  and  coworkers  (4). 

In  this  paper  attention  is  focused  on  the  existence 
(for  finite  size  disturbances)  of  dynamic  stability 
boundaries  in  contrast  to  the  static  stability  boundary. 
A survey  of  the  Literature  (1 ) shows  a quite  confused 
state  of  affairs  in  this  respect.  Emphasis  Is  given  to 
conditions  leading  to  heterogeneous  deflagration 
wave  transition  toward  faster  regimes  (••»'*  to  the 
existence  of  an  upper  dynamic  stability  ooundary. 
This  can  also  be  considered  a first  step  in  the  compli- 
cated patterns  involved  in  the  deflagration  detonation 
transition  (5).  Indeed,  the  possible  existence  of  an 
upper  dynamic  stability  boundary  would  imply  that 
an  abrupt  transition  from  an  initial  stable  reacting 
configuration  may  occur  at  any  instant  during  the 
deflagration  history,  if  a sufficiently  vigorous  disturb- 
ance process  is  somehow  triggered. 
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Burning  rate  increases  may  be  obtained  in  several 
ways,  e.g.  by  increasing  ambient  temperature  or  ex- 
ternal radiant  flux.  For  sake  of  brevity,  in  this  paper 
only  the  burning  rate  dependence  on  pressure  and 
surface  heat  release  will  be  considered.  It  will  be 
shown  that,  at  a given  pressure,  any  heterogeneous 
deflagration  wave  with  an  appropriate  value  of  surface 
heat  release  is  intrinsically  able  to  undergo  dramatic 
accelerations.  Basically,  this  is  due  to  an  unstable 
energy  coupling  of  the  condensed  with  the  gas  phase 
through  the  burning  surface. 

The  strategy  in  this  paper  is  to  evaluate  the  stabil- 
ity properties  of  heterogeneous  deflagration  waves 
directly  from  the  structure  of  the  approximate  ordi- 
nary differential  equation  describing  the  problem. 
The  predictive  capability  of  the  proposed  approach 
will,  then,  be  verified  by  computer  simulated  experi- 
ments performed  by  numerical  integration  of  the 
complete  set  of  the  governing  equations. 


BACKGROUND 

For  a review  of  the  current  literature  on  solid  pro- 
pellant combustion  stability,  the  reader  is  referred  to 
(1).  Here  only  some  brief  comments  will  be  given. 
Although  widely  debated  in  the  technical  literature, 
the  burning  stability  problem  has  been  largely  limited 
to  the  question  of  dyanmic  extinction  by  depressuri- 
zation. The  work  by  T’ie''  (6-7)  is  among  the  very 
few  aiming  directly  at  establishing  an  extinction 
criterion  for  fast  depressurization.  On  the  other  hand, 
no  criterion  has  been  formulated  so  far  for  the  case  of 
dynamic  extinction  by  fast  deradiation  reported  by 
the  Princeton  group  (8).  Likewise,  very  little  work 
has  been  done  on  the  upper  dynamic  stability 
question  (9). 

T’ien  (6)  found  that  “for  depressurization  tran- 
sients, if  the  instantaneous  burning  rate  drops  below 
rb  (the  unstable  burning  rate  solution  at  the  final 
pressure),  extinction  will  occur”.  T’ien  derived  his 
quantitative  criterion  from  another  study  (7)  by  him 
of  flammability  limits  of  premixed  flames  under  the 
influence  of  environmental  disturbances.  A somewhat 
similar  result  has  been  obtained  by  the  writer  follow- 
ing a completely  different  approach  (2). 

The  line  of  research  evolved  within  the  framework 
of  the  mechanistic  (Zel’dovich)  approach  (10-12)  has 
been  unable  to  reach  meaningful  conclusions  about 


the  dynamic  stability  problem.  Novozhilov  observed 
(p.  216  of  Ref.  12)  that  this  “question  requires  cer- 
tain information  about  the  properties  of  the  system 
outside  the  area  of  smooth  burning.  Such  informa- 
tion cannot  be  obtained  from  experiments  on  steady 
state  combustion.  For  the  calculation  of  unsteady 
conditions  in  the  unstable  region  it  is  necessary  to 
draw  on  certain  schemes  of  combustion,  which  make 
it  possible  to  predict  the  properties  of  propellants  be- 
yond the  (static)  stability  limit”. 

The  question  of  a possible  early  warning  of  extinc- 
tion during  a depressurization  transient,  evaluated 
via  the  Zel’dovich  method,  was  examined  also  by 
the  Princeton  group  (13-14).  The  possibility  was 
checked  that  crossing  of  the  static  stability  boundary 
is  sufficient  to  subsequently  produce  dynamic  ex- 
tinction. Although  correct,  only  a qualitative  answer 
to  this  question  was  given:  “the  dynamic  conditions 
of  extinguishment  tend  to  shift  the  stability  line” 

(p.  257  of  Ref.  14).  It  is  the  opinion  of  this  writer 
that  the  static  stability  boundary  has  only  secondary 
relevance  in  a dynamic  situation. 


AN  INTEGRAL  APPROACH 

The  basic  mathematics  consists  in  an  approximate 
transformation  of  the  governing  nonlinear  parabolic 
partial  differential  equation  to  a nonlinear  initial 
value  ordinary  differential  equation  based  on  a well 
known  “integral  method"  (15).  A similar  approach 
has  been  already  applied  to  droplet  burning  (16). 

The  application  to  heterogeneous  deflagration  wave 
models  is  described  in  detail  in  (2).  The  important 
assumptions  made  are:  quasi-steady  gas  phase, 
opaque  and  inert  condensed  phase,  and  condensed 
reacting  layer  collapsed  to  the  burning  surface. 

It  is  found  that  at  constant  pressure  the  instantan- 
eous response  of  the  system,  when  subjected  to  finite 
departures  from  the  initial  configuration,  is  described 
(2)  by 
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where  us(r)  is  the  finite  size  surface  temperature  dis- 
turbance (Fig.  1).  Following  Lyapunov  (17),  the 
above  equation  can  be  re-written  as 
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standard  set  of  parameters  (say:  pressure  P = 30  atm, 
ambient  temperature  Ta  = 300  K,  no  external  radiant 
flux,  no  heat  loss,  heat  release  at  the  surface  Qs  = 

- 158.2  cal/g),  the  curve  connecting  points  A-B-C  is 
obtained.  It  was  shown  in  (2)  that: 

1.  at  a given  pressure,  besides  the  trivial  0S  = 0 
corresponding  to  the  statically  stable  nonreacting 
configuration  (root  C),  two  more  roots  A and  B are 
found.  Of  these 

2.  root  A (statically  stable)  corresponds  to  the 
steady  state  reacting  configuration  0S,  while  root  B 
(statically  unstable)  is  the  lower  dynamic  instability 
point  0^. 

3.  At  a given  pressure,  a branching  point  0^  exists 
where  the  two  nontrivial  roots  A and  B coa.cscc, 

4.  The  static  stability  boundary  for  finite  size  dis- 
turbances is  the  locus  of  the  branching  points  0^ . 


Fig.  1.  Schematic  diagram  of  the  physical  problem 
arid  energy  balance  at  the  surface  of  the  c indented 
phase. 

The  function  f(0  j s - 0S),  called  the  static  restoring 
function,  is  qualitatively  sketched  in  Fig.  2.  For  a 
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Fig.  2.  Qualitative  sketch  of  the  nonlinear  static 
restoring  function  illustrating  the  existence  of  three 
roots  A,  B (reacting  mode)  atui  C (unreacting  mode) 
for  a standard  set  of  operating  conditions.  For  the 
reacting  mode,  only  solution  A is  statically  stable 
and  can  be  observed  in  steady  state  experiments.  In- 
creasing of  surface  heat  release  makes  D and  E type 
of  roots  appear  (upper  dynamic  instability)  and  the 
reacting  equilibrium  configuration  become  unstable 
(root  A j). 


5.  The  lower  dynamic  stability  boundary,  for 
imfie  size  disturbances  consequent  to  timewise  mono- 
tonic changes  of  the  controlling  parameters,  is  the 
locus  of  the  statically  unstable  points  0j"  at  the  final 
pressure. 

The  static  stability  boundary  defines  the  line  of 
separation  between  a region  where  stable  steady  state 
solutions  are  allowed  and  a region  where  no  steady 
solutions  can  be  found.  The  lower  dynamic  stability 
boundary  defines  that  ultimate  burning  condition 
beyond  which  extinction  necessarily  follows.  The 
meaning  and  the  existence  of  an  upper  dynamic 
stability  boundary  will  be  discussed  in  next  section. 


UPPER  DYNAMIC  STABILITY  OF  HETERO- 
GENEOUS DEFLAGRATION  WAVES 

Any  self-sustained  reactive  system  is  capable  of 
exothermic  reactions.  These  occur  both  in  gas  (Qf, 
cal/g)  and  condensed  (Qs,  cal/g)  phases.  The  total 
energy  release  Qf(P)  + Qs  is  determined  by  the  energy 
balance  at  ambient  temperature  of  the  steadily  burn- 
ing adiabatic  propellant.  The  effect  of  the  surface 
heat  release  Qs  on  the  static  restoring  function  is 
qualitatively  illustrated  in  Fig.  2.  As  mentioned  in  the 
previous  section,  for  a standard  set  of  parameters 
only  A-B-C  roots  are  found.  For  increasing  Qs 
values,  the  following  facts  are  obsr  rved : 
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1 . a new  pair  of  roots,  D]  (unstable)  and  E[ 
(stable),  appears  in  the  high  burning  rate  region 
(see  Fig.  2). 

2.  roots  A and  D approach  until  coalescence  (with 
stability  character  exchange)  occurs.  The  steady  state 
reacting  solution  (root  A),  stable  before  coalescence, 
is  unstable  after. 

3.  roots  B and  D approach  until  they  merge  and 
disappear. 

4.  only  C - A2  - E2  roots  arc  left  (see  Fig.  2) 

For  all  cases,  the  overall  steady  energy  balance  is 
satisfied  only  at  roots  C (unreacting  mode)  and  A 
(reacting  mode).  Therefore,  these  arc  in  general  the 
only  allowed  stationary  solutions  and  can  be  observed 
cither  experimentally  or  theoretically  as  long  as  they 
arc  stable.  But  increasing  Qs  displaces  the  reacting 
parameters  toward  faster  regimes  with  loss  of  stability 
of  root  A;  this  also,  then,  becomes  unobservable. 

A quantitative  plot,  with  Qs  ranging  from  - 1 70  to 
-200  cal/g,  is  shown  in  Fig.  3 for  a solid  propellant 
deflagrating  at  P = 30  atm.  Compare  also  with  the 
curve  Qs  = - 1 58.2  cal/g  shown  in  Fig.  4.  It  is  infer- 
red from  Fig.  3 that  coalescence  of  A and  D roots, 
with  loss  of  stability  of  the  stationary  reacting  mode, 


Fig.  3.  Influence  of  surface  heat  release  on  non- 
linear static  restoring  function  showing  loss  of  stabil- 
ity of  reacting  equilibrium  configuration  for  Qs-  - 
190  cal/g. 
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Fig.  4.  Influence  of  pressure  on  nonlinear  static 
restoring  function  for  Qs  = - 158.2  cal/g  showing 
upper  dynamic  instability  at  P = 10  atm. 

occurs  at  Qs  = - 190  cal/g  for  the  standard  condi- 
tions of  Ta  = 300  K and  adiabatic  sample.  By  similar 
plots,  the  coalescence  value  of  Qs  can  be  defined  tor 
any  other  pressure.  The  results  obtained  are  listed  in 
Table  1.  Increasing  pressure  implies  increasing  Q(, 
which  in  turn  requires  larger  values  of  Qs  for  destabili- 
zing the  stationary  reacting  mode.  Therefore,  larger 
pressures  require  larger  coalescence  values  of  Qs. 

The  effect  of  pressure  on  the  static  restoring 
function,  at  a fixed  value  of  Qs  = - 1 58.2  cal/gr,  is 
illustrated  in  Fig.  4 for  P ranging  from  10  atm  to  40 
atm.  Roots  are  of  A,  B and  C type  for  pressure  not 


TABLF  1 

Surface  heat  release  values,  at  which  coalescence  of  A 
and  D roots  occurs,  in  function  of  pressure.  For  in- 
creasing pressure,  stable  stationary  reacting  configura- 
tions are  observed  for  a larger  Qs  range.  See  also  Fig. 
4. 


Pressure,  P,  atm 

surface  heat  release, 

Qs>  cal/g 

6 

-158.2 

10 

-170. 

20 

-180. 

30 

-190. 

40 

-196. 
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less  than  20  atm.  At  P = 10  atm  a pair  of  roots  D and 
E appears. 

The  two  roots  Bj  and  Uj  (Fig.  2),  located  on  cither 
side  of  the  stable  steady  state  configuration  Aj , 
represent  dynamically  unstable  points.  If  the  surface 
temperature  during  a transient  goes  past  B j or  Dj , 
the  heterogeneous  deflagration  wave  will  accelerate 
respectively  toward  C (lower  dynamic  instability)  or 
Ej  (upper  dynamic  instability).  In  the  case  of  lower 
dynamic  instability,  the  fate  of  the  heterogeneous 
deflagration  wave  is  defined  by  the  stable  unreacting 
steady  state  configuration  corresponding  to  root  C 
(trivial  solution).  This  is  called  dynamic  extinction 
and  is  a well  known  phenomenon  in  solid  propellant 
combustion  not  only  for  depressurization  but  also 
for  deradiation  (6-8).  In  the  case  of  upper  dynamic 
instability,  the  fate  of  the  heterogeneous  deflagration 
wave  is  more  involved.  As  soon  as  point  Dj  is  passed 
a vigorous  acceleration  occurs.  The  increase  of 
burning  rate  may  be  orders  of  magnitude.  Point 
E1 , although  strongly  stable,  is  not  allowed  as  a 
stationary  solution.  Therefore,  after  reaching  E j , the 
heterogeneous  deflagration  wave  is  violently  recalled 
back  toward  a stable  steady  state  configuration. 
Depending  or  the  dynamics  of  the  whole  process,  this 
can  be  either  M:e  reacting  mode  Aj  or  the  unreacting 
mode  C (dynamic  extinction). 

After  coalescence  of  A and  D roots,  the  static  re- 
storing function  features  two  stable  roots  (D  and  E) 
neither  of  which  is  allowed  as  a stationary  solution, 
while  the  stationary  solution  A is  unstable.  Under 
these  conditions,  the  two  roots  B and  A,  located  on 
either  side  of  D,  repiesent  dynamically  unstable  points. 
All  previous  considerations  are  valid,  except  as  to  the 
fate  of  the  heterogeneous  deflagration  wave.  Depen- 
ding on  the  dynamics  of  the  whole  process,  this  can 
be  either  the  unreacting  mode  C (dynamic  extinction) 
or  self-sustained  oscillations  peaking  at  D and  E and 
centered  around  A,  This  suggests,  under  the  specified 
conditions,  the  existence  of  a limit  cycle.  If  so,  since 
a limit  cycle  is  an  overall  property  of  the  governing  dif- 
ferential equation,  once  triggered  this  oscillatory  be- 
havior would  not  depend  on  the  initial  conditions  of 
the  system. 

In  the  case  of  a static  restoring  function  featuring 
only  C - Aj  - E?  roots  (Fig.  2),  the  fate  of  the 
heterogeneous  deflagration  wave  is  always  extinc- 
tion. 


The  above  properties  have  been  verified  by  com- 
puter simulated  transients  evaluated  by  numerical 
integration  of  the  governing  partial  differential  equa- 
tion. The  finite  difference  scheme  implemented  is 
discussed  in  (1).  Typical,  but  by  no  means  manda- 
tory, laws  used  for  the  controlling  parameters  are: 


II 

- (tj  - Tf)-(1  - e Bp  T),  r > 0 

(3) 

F(r)  = Fs 

- (Fj-FfHl  -e‘Ur'T),r  > 0 

(4) 

describing  the  exponential  change  in  time  of  the  non- 
dimensional  parameters  (pressure  r or  radiant  flux 
intensity  F)  from  an  assigned  initial  value  to  an  assigned 
final  value  aeeoiding  to  assigned  positive  coeffici- 
ents Bp  or  Br  In  particular,  relaxation  transients  and 
go/no-go  type  of  runs  have  been  performed  in  order 
to  check  respectively  the  static  and  dynamic  stability 
limits  (otherwise  unobservable).  Some  results  con- 
cerning the  lower  dynamic  stability  limits  are  illustra- 
ted in  Table  2.  The  evaluated  limits  are  in  good  agree- 
ment with  the  expected  values. 

Some  results  concerning  the  upper  dynamic  stabil- 
ity limits  are  illustrated  in  Figs.  5-6.  Go/no-go  type 
of  runs  with  exponential  increase  of  pressure  from 
Pj  = 10  atm  to  Pf  = 30  atm  are  plotted  for  several 
values  of  Qs.  Compare  with  Table  3.  For  Qs  suf- 
ficiently low,  one  observes  a smooth  transition  from 
the  initial  to  the  final  steady  state  equilibrium  confi- 
guration (sec,  for  example,  Qs  = - 1 58.2  cai/g).  For 
larger  values  of  Qs,  a vigorous  acceleration  of  the 
wave  occurs  (Fig.  5).  Following  this,  the  hetero- 
geneous deflagration  wave  will  relax  toward  a steady 
solution  (Fig.  6).  This  is  the  stable  stationary  reac- 
ting configuration  for  Qs  less  than  the  coalescence 
value  (Q,  - i 80  cal/g),  self-sustained  oscillations 

for  Qs  larger  than  the  coalescence  value  (Qs  = - 200 
cal/g)  and  the  stable  stationary  unreacting  configu- 
ration (Q,  = - 220  cal/g). 

Self-sustained  oscillations  have  been  observed  in 
several  different  situations.  The  nature  of  these 
oscillations  depends  only  on  the  static  restoring 
function  associated  with  the  final  burning  conditions. 
For  example,  the  same  self-sustained  oscillations  have 
been  found  with  Bp  * 1 and  B_  = 200  for  the  pres- 
surization transient  shown  in  Fig.  6.  Oscillatory  be- 
haviour has  been  found  also  in  the  computer  simulated 
tests  reported  in  (18). 
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TABLE  2 


Computer  simulated  go! no- go  transient  tests  showing  agreement  with  the  predicted  lower  dynamic  stability 
boundary  and  strong  dependence  of  dynamic  extinction  on  the  initial  conditions.  All  runs  performed  for  adiaba- 
tic opaque  strands  with  Ta  = 300  K and  Qs  = - 158.2  cal/g.  Pressure  measured  in  atm  and  radiant  flux  intensity 
in  culjcm 2 - s.  The  rate  constants  Bp  and  Br  are  norulimensionaL  See  (2). 


Controlling  parameter 

Constant  parameters 

Nondim.  burning  rate 

no  occurrence 
of  dynamic 
extinction 

oc<  'irrencc  of 
dynamic 
extinction 

rate 

constants 

observed 

lower 

dynamic 

limit 

predicted 

lower 

dynamic 

limit 

static 

limit 

lo,i  = 44.52 

lo.i  « 44.55 

»o.r  “ 0 

P * 10 

Br  = 10 

0.057 

0.053 

0.15 

96.26 

96.27 

0 

20 

10 

0.083 

0.070 

0.23 

156.85 

156.87 

0 

30 

10 

0.093 

0.083 

0.29 

Pi  = 34.42 

Pi  = 34.43 

Pf  * 10 

Jo  = o 

Bp  = 10 

0.051 

0.053 

0.15 

Bp  = 3.336 

Bp  = 3.337 

I0  - 0 

Pi  - 40 

2? 

II 

o 

0.054 

0.053 

0.15 
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Jug.  6.  Computer  simulated  pressurization  tests  show- 
ing self-sustained  surface  temperature  oscillations. 


(static  instability).  Border  values  are  listed  in  Table 
1 . This  has  been  verified  by  computer  simulated 
relaxation  type  of  runs  from  assigned  initial  burning 
configurations  (corresponding  to  the  stationary 
solution  at  the  investigated  conditions).  Typical 
results  are  shown  in  Fig.  7.  At  a constant  pressure 
P = 1 0 atm,  the  initial  burning  configuration  is  stable 
for  Qs  less  than  the  coalescence  value  (negligible 
oscillations  are  observed  for  Qs  = - I 58.2  cal/g)  but 
is  unstable  for  Qs  larger  than  the  coalescence  value 
(c.g.,  Qs  = - 1 80  eal/g).  Notice  the  larger  overshoot 
associated  to  Qs  = - 200  cal/g  due  to  upper  dynamic 
instability.  Just  at  the  coalescence  value  of  Qs  = - 
170  cal/g  static  instability  only  takes  more  “induc- 
tion” time  to  show  up.  For  all  cases  of  instability, 
the  final  solution  is  the  twvial  nonreacting  configura- 
tion. 

CONCLUSIONS 


At  any  pressure,  above  the  coalescence  value  of  Q, 
no  stable  stationary  reacting  configuration  is  allowed 


The  stability  problem  of  adiabatic  heterogeneous 
deflagration  waves  for  finite  size  disturbances  has 
been  dealt  with.  In  order  to  retain  the  important  non 
linearities  of  the  problem,  an  approximate  formula- 
tion of  the  condensed  phase  energy  equation  in  terms 


TABLE  3 

Roots  associated  with  the  static  nonlinear  restoring  func- 
tion for  an  adiabatic  opaque  strand  deflagrating  at  P = 30 
atm  and  Ta  = 300  K.  For  all  cases  root  C,  corresponding 
to  the  trivial  solution  0S  = 0,  is  also  found.  For  Qs  = - / 90 
cal/g  coalescence  of  A and  D roots  occurs.  The  stationary 
unreacting  configuration  (root  C)  is  always  stable,  while 
the  stationary  reacting  configuration  ( root  A)  becomes 
unstable  after  coalescence  with  root  D.  See  Fig.  3. 


surface  heat 

Nondimensional  surface 

release,  Qs, 

temperature,  0S 

cal/g 

root  B 

root  A 

root  D 

root  E 

-150 

0.66 

0.929 

— 

— 

-158.2 

0.67 

0.937 

- 

- 

-170 

0.68 

0.949 

1.15 

1.29 

-180 

0.69 

0.962 

1.04 

1.43 

-190 

0.70 

0.976 

0.976 

1.53 

-200 

0.72 

0.992 

0.93 

1.61 

-210 

0.74 

1.011 

0.90 

1.68 

-220 

0.78 

1.032 

0.86 

1.75 

-230 

- 

1.057 

“ 

1.81 

nonoim  time,  r 


lug.  7.  Computer  simulated  relaxation  tests  showing 
that  equilibrium  reacting  configurations  are  unstable 
for  surface  heat  release  above  the  coalescence  value 
(See  Table  I). 


of  an  ordinary  differential  equation  has  been  written 
by  means  of  a standard  integral  approach.  It  has 
been  shown  that  the  surface  heat  release  strongly 
affects  the  static  and  dynamic  (upper  and  lower) 
stability  limits. 

In  particular,  the  following  points  have  been  dis- 
cussed. Fori  a«ing  values  of  Qs: 

1.  the  lower  dynamic  stability  point  moves  toward 
larger  burning  rate  (easier  dynamic  extinction). 

2.  an  upper  dynamic  stability  point  appears  (ac- 
celeration). 

3.  the  stationary  reacting  mode  configuration  be- 
comes unstable  (static  instability). 

4.  self-sustained  oscillations  occur. 

5.  only  the  trivial  solution  is  allowed. 

Further  work  concerning  the  influence  of  ambient 
temperature  and  nonadiabaticity  of  the  condensed 
phase  is  being  done  (3).  In  particular,  this  allows 
one  to  define  the  pressure  deflagration  limit  of  any 
given  heterogeneous  flame.  Furthermore,  it  will  be 
of  interest  to  predict  the  pressure  dependent  fre- 
quency of  the  observed  sclf-substained  oscillations. 


NOMENCLATURE 

Latin  symbols 

U()  = depressurization  rate  coefficient  (see  Eq.  3) 
Br  = deradiation  rate  coefficient  (see  Eq.  4) 

F = nondimensional  thermal  flux  intensity 
H = nondimensional  surface  heat  release 
i()  = radiant  flux  intensity  impinging  at  the  con- 
densed phase  surface,  cal /cm  2 - s 
P = pressure,  atm 
t = nondimensional  pressure 
q = energy  flux  in' ensity,  cal/cm2  -s 
Q = heat  release,  cal/g 
R = burning  rate,  cm/s 
R = nondimensional  burning  rate 
t = time,  s 
T = temperature,  K 

u = nondimensional  finite  size  disturbance  of 
temperature 

us  = nondimensional  finite  size  disturbance  of 
surface  temperature 

ux  = nondimensional  finite  size  disturbance  of 
thermal  gradient 

(ux)c,s  - nondimensional  surface  thermal  gradient 
disturbance  at  the  condensed  phase  side 
x = space  variable,  cm 
X = nondimensional  space  variable 

Greek  symbols 

6 = nondimensional  thermal  layer  penetration 
A = finite  difference  of  a quantity  evaluated 
between  X = 0 and  X = - b 

0 = nondimensional  temperature 
r = non-dimensional  time 

Subscript  and  Superscripts 

a = ambient  value 
c = condensed  phase  value 
f = final  value 
g = gas 

1 = initial  value 

L = lower  dynamic  stability 
p = pressure 
r = radiant 
s = surface  value 

- = steady  state  value  of  a parameter 
- <*>  = condition  far  upstream 
+ oo  = condition  far  downstream 
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Abbreviations 

AP  = ammonium  perchlorate 
PBAA  = polybutadiene  - acrylic  acid 
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THE  GROWTH  OF  REACflON  IN  SECONDARY  EXPLOSIVES 
UNDER  TRANSIENT  CONFINEMENT 


G.  D.  Coley, 

MOD  (PE)  AWRE, 
Reading,  Berkshire,  England. 


ABSTRACT  A quantitative  method  has  been  developed  to  study  the  growth  of  re- 
action in  small  high  explosive  (HR)  charges  (weight  about  1 7 g),  initiated  under 
conditions  related  to  accidental  impact.  Explosive  yield  was  assessed  from  the  peak 
force  impressed  on  a load  cell  by  the  reacting  HE.  Maximum  peak  forces  measured 
for  PBX  9404  (HMX/NC/TCEP  94/3/3),  Octol-A  (HMX/TNT/Wax  80/20/1)  and 
HW4  (HMX/Wax  95/5)  were  977  kN,  460  kN  and  140  kN  respectively,  for  similar 
conditions  of  charge  confinement.  This  ranking  of  event  size  is  in  good  qualitative 
agreement  with  the  explosiveness  ranking  in  the  Skid  Test  for  these  compositions. 
The  relationship  between  charge  confinement  and  the  violence  of  the  explosive  re- 
action has  been  investigated  for  each  composition,  and  the  importance  of  both  the 
strength  and  the  inertial  components  of  confinement  has  been  demonstrated. 


1.  INTRODUCTION 

Accidents  have  occurred  with  secondary  explosive 
charges,  in  which  the  yield  has  approached  that  ap- 
propriate to  detonation  of  the  charge,  even  though 
the  initiating  stimulus  would  not  have  been  expected 
to  have  initiated  detonation  by  normal  shock  initia- 
tion processes.  Recognition  of  the  hazards  associaied 
with  HE  formulations  in  charge  form  has  led  to  the 
introduction  of  a wide  range  of  charge  hazard  tests, 
designed  to  simulate  handling  and  transportation 
accident  situations  of  practical  importance.  Sensi- 
tiveness and  explosiveness  of  HE  systems  arc  deter- 
mined from  their  response  in  these  tests. 

Although  a number  of  mechanisms  for  initiation 
by  thermal  and  mechanical  accident  stimuli  have  been 
studied  and  confirmed,  the  mechanisms  for  growth  of 
reaction  are  not  well  understood.  Beedham,  Dyer 
and  Holmes  (1)  reported  a series  of  small  scale  tests 
designed  to  investigate  the  sensitiveness  aspects  of 
charge  hazard.  Charges  were  initiated  in  a controlled 
manner  by  the  conduction  of  heat  from  hot  surfaces, 


in  contact  with  the  HE,  under  impact  loading 
conditions. 

The  work  reported  now  extends  these  studies  to 
the  development  of  a quantitative  method  to  study 
the  growth  of  reaction  in  laboratory  scale  charges, 
and  to  the  investigation  of  the  effects  of  charge  con- 
finement on  the  explosiveness  of  HE  systems.  This 
work  is  a prelude  to  a more  comprehensive  study  of 
the  physical  conditions  and  HE  properties,  which 
limit  the  growth  of  reaction  in  an  HE  system,  and 
result  in  the  partial  events  commonly  experienced  in 
accidents.  A laboratory  scale  explosiveness  test, 
based  on  the  work,  could  replace  the  Skid  Test  (2,3) 
as  a more  economic  and  quantitative  explosiveness 
screening  test  in  HE  formulations  development 
programmes. 

2.  EXPERIMENTAL 

HE  charges,  confined  in  metal  cups,  were  tran- 
r?ntly  loaded  in  a drop  weight  apparatus,  and 
thermally  initiated,  at  a predetermined  point  in  the 
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loading  cycle  by  a hot  wire,  in  contact  with  the  bare 
face  of  the  charge.  Impact  conditions  were  chosen  to 
simulate  the  Skid  Test  (2,3),  where  impact  pressures 
up  to  0. 1 -0.2  GPa  with  impact  times  of  1.0-2.0  msec 
can  occur  (1)  depending  on  the  drop  height  and  the 
mechanical  properties  of  the  explosive.  The  violence 
of  the  explosive  event  was  assessed  from  the  output 
of  strain  gauges  fitted  to  a load  cell  mounted  be- 
neath the  explosive  charge. 

2.1  Explosive  Samples 

Three  HE  composithns  were  selected  for  study. 
These  were  HW4  (HMX/Wax  95/5  by  wt),  Octol-A 
(HMX/TNT/Wax  80/20/1  by  wt)  and  PBX  9404 
(HMX/NC/TCEP  94/3/3  by  wt).  They  were  chosen 
because  they  were  known  to  give  small  partial  re- 
action, large  partial  reaction  and  high  order  reaction 
respectively  in  the  AWRE  Skid  Test  (2,3). 

Discs  of  HE  weighing  approximately  17  g and 
measuring  28.6  mm  diameter  X 14.3  mm  thick  were 
machined  from  pressed  charges  and  assembled  into 
metal  cups,  with  the  bare  face  of  the  charge  protrud- 
ing 1.5  mm  (Fig.  1).  Different  strengths  and  inertias 
of  confinement  were  obtained  by  using  steel  or 
aluminium  alloy  for  the  cup  material  and  by  varying 
the  cup  wall  thickness. 

2.2  Drop  Weight  Apparatus 

The  apparatus  is  shown  schematically  in  Fig.  2. 
The  charge  assembly  (A)  was  impacted  by  a 22.7  kg 
drop  weight  (B),  falling  through  305  mm  in  a guide 
tube  (C).  Impact  loading  pulses  with  maxima  in  the 


Fig.  1.  Explosive  charge  assembly-schematic  view  of 
an  explosive  disc  (Hj  (28.6  mm  diameter  X 14.3  mm 
thick)  mounted  in  a steel  or  aluminium  alloy  cup  (C) 

( height  31.8  mm,  thickness  of  base  19.0  mm).  The 
HE  protruded  1.5  mm  from  the  metal  cup.  The  wall 
thickness  of  the  cup  was  varied  as  described  in  the 
text. 


i Seismic  Block 


Fig.  2.  Drop  weight  apparatus-a  schematic  view. 

(A ) Charge  assembly,  (B)  Drop  weight  ( 22. 7 kg),  ( C) 
Guide  tube,  (D)  Pulse  shaper,  (E)  Load  cell,  (F) 
Heater  wire  soldered  between  copper  leads,  ( G) 
Spigot,  (H)  Impact  switch,  (T)  Load  spreading  plate. 

range  25.0-35.0  kN  and  impact  durations  of  ap- 
proximately 2.0  msec  were  achieved  by  the  incorpora- 
tion of  a felt  pulse  shaper  (D),  12.7  mm  thick  X 75 
mm  diameter,  mounted  on  a tufnol  (a  resin  bonded 
fabric)  load  spreading  plate  (T),  above  the  explosive 
charge.  These  loading  pulses,  although  of  lower  am- 
plitude than  in  the  Skid  Test,  were  chosen  in  order 
that  the  dynamic  compressive  strengths  of  the  test 
charges  were  not  exceeded  before  initiation.  The  felt 
also  served  to  smooth  the  loading  pulse  by  damping 
stress  wave  reverberations  in  the  drop  weight.  The 
forces,  arising  from  both  the  impact  of  the  drop 
weight  and  any  explosive  event,  were  measured  by 
strain  gauges  mounted  on  a load  cell  (E)  beneath  the 
charge  assembly  and  displayed  as  a function  of  time 
on  an  oscilloscope. 
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A constantan  resistance  wire  (F)  0.152  mni  diam- 
eter X 38.1  mm  long  was  positioned  along  a diam- 
eter between  the  bare  face  of  the  explosive  charge 
and  a tufnol  spigot  (G). 

The  wire  was  heated  for  80  /a sec,  during  the  load- 
ing cycle,  by  the  rapid  discharge  of  a 25  pF  capacitor 
bank  charged  to  600  V.  Using  a similar  hot  wire 
device  and  transient  loading,  Beedham,  Dyer  and 
Holmes  fl)  reported  that  the  heating  pulse  produced 
by  the  discharge  of  a 16/aF  capacitor  charged  to 
500  V reliably  initiated  HW4,  Octol-A  and  PBX  9404. 

A simple  switch  (H),  which  was  constructed  front 
a sheet  of  copper  foil,  with  a 2.54  mm  diametrical  gap, 
mounted  on  a tufnol  plate  on  top  of  the  pulse  shaper, 
was  connected  in  series  with  a 15  V battery  and  a 
10  K ohm  resistor.  When  the  switch  was  closed  by  a 
thin  copper  disc  mounted  on  the  front  face  of  the 
drop  weight  a reference  pulse  was  produced  at  the 
start  of  the  loading  cycle,  which  was  used  to  trigger 
the  time  base  of  the  oscilloscope,  and  after  a delay 
the  hot  wire  power  pack.  The  delay  was  chosen  to 
achieve  loads  of  20-30  ' N on  the  rising  portion  of  the 
pulse  at  the  time  of  th  hot  wire  discharge. 

A typical  load/time  record  is  shown  in  Fig.  3.1. 

This  record  was  obtained  from  a PBX  9404  charge 


Fig.  3.1.  An  oscilloscope  record  of  the  load  cell  out- 
put for  a PBX  9404  charge  confined  in  an  aluminium 
alloy  cup  ( wall  thickness  23.8  mm).  Upper  trace: 
Complete  load/ time  history -sweep  500  psec/div. 
Lower  trace:  An  expanded  section  of  the  upper 
trace  sweep  100  psec/div.  (tj)  impact  of  drop 
weight,  (t2)  discharge  of  heater  power  pack,  (tj)  ex- 
plosive event. 


confined  in  an  aluminium  alloy  cup  with  a wall  thick- 
ness of  23.8  mm.  The  lower  trace  corresponds  to  the 
intensified  portion  of  the  upper  trace  and  shows  the 
event  with  improved  time  resolution.  The  start  of 
the  loading  cycle  is  indicated  by  tj  and  from  tj  the 
!'-.<d  increases  smoothly,  as  the  drop  weight  decel- 
erates compressing  the  felt  pulse  shaper.  The  signal 
at  t2  is  noise  produced  by  the  discharge  of  the  heater 
power  pack  and  does  not  represent  the  shape  of  the 
pressure  pulse.  All  attempts  to  remove  tms  noise 
signal  were  unsuccessful.  However  the  perturbation 
of  the  load  cell  record  was  minimal  and  it  did  serve 
to  indicate  the  conditions  at  the  time  of  initiation. 

The  peak  load  produced  by  reaction  in  the  HE  oc- 
curred at  1 3 , and  this  load  was  taken  as  a measure  of 
the  explosiveness  of  the  system  under  investigation. 
Following  t3  the  drop  weight  rebounded  and  the  load 
cell  record  terminated  in  mechanical  ringing. 

In  the  absence  of  an  explosive  event  the  load  rises 
smoothly  to  a peak  of  25-35  kN  and  then  decreases 
smoothly  to  zero  as  shown  in  Fig.  3.2.  Variations  in 
the  peak  load  in  the  absence  of  an  event  arise  from 
differences  in  strength  between  charge  assemblies 
with  different  cup  wall  thicknesses. 

In  some  of  the  experiments  reaction  phenomena 
were  observed  with  a high  speed  cine  camera,  operated 
at  a framing  rate  of  4500  frames  sec~ 1 • Frames  cor- 
responding approximately  to  ti,  t2  and  t3  in  Fig.  3.1 
are  shown  for  the  same  experiment  in  Fig.  3.3. 

2.3  Experiments 

The  peak  force,  impressed  on  the  load  cell  (e.g., 
the  load  at  t3  in  Fig.  3.1),  was  determined  for  a 


Fig.  3.2.  A typical  oscilloscope  record  of  the  load 
cell  output  obtained  when  the  charge  was  not  ignited. 
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TABLE  l 


Fig. 3.  3.  Three  frames  selected  from  a high  speed 
camera  sequence  to  correspond  with  times  //,  t2,  and 
tj  In  Fig.  3. 1.  (A)  Charge  assembly,  (F)  Heater  leads, 
(D)  Pulse  sharper,  (It)  Product  gases. 


range  of  cup  wall  thicknesses,  when  each  of  tire 
compositions  HW4,  Octo!-A  and  PBX  9404  were  con- 
fined in  mild  steel  and  in  aluminium  alloy  cups.  Con- 
finements with  wall  thicknesses  of  4.76,  7.94,  11.11, 
17.46,  23.81  and  36  51  mm  were  investigated.  The 
weights  of  the  steel  and  aluminium  charge  assemblies 
for  each  of  these  wall  thicknesses  are  shown  in 
Tabl'  1.  These  values  include  the  mass  of  the  tufnol 
p'ate  beneath  the  pulse  shaper  (0.300  kg). 

In  additional  experiments,  Octol-A  charges  were 
confined  in  steel  cups  which  had  a mild  steel  plate 
i 52.0  mm  diameter  bonded  to  the  back  face.  The 


Mass  (kg  i oj  : experimental  charge  assemblies  in- 

cluding the  mass  of  the  tufnol  plate  beneath  the  pulse 
shaper  ( 0. 300  kg). 


Wall 

Thickness 

mm 

Cup  Material 

Steel 

. 

Aluminium  Alloy 

4.76 

0.536 

0.391 

7.94 

- 

0.426 

11.11 

— 

0.461 

17.46 

1.039 

0.562 

23.81 

0.678 

36.51 

2.270 

0.978 

thickness  of  the  plate  was  chosen  to  make  the  total 
weight  of  each  charge  assembly  5.0  kg.  Three  dif- 
ferent wall  thicknesses  4.76,  17.46  and  36  .51  mm 
were  investigated. 


3.  EXPERIMENTAL  RESULTS 

3.1  HW4 

The  variation  of  peak  force  (F)  with  confinement 
wall  thickness  is  shown  in  Fig.  4.  Peak  force  in- 
creased slightly  when  the  wall  thickness  was  increased 
from  4.8  mm  to  36.5  mm  for  both  materials,  and  for 
a given  size  of  confinement  larger  events  were  ob- 
served with  steel  compared  with  aluminium  alloy. 
Very  small  explosive  yields  were  obtained  with  HW4 
compared  with  the  other  compositions.  The  metal 
confinements  and  tufnol  base  plates  were  always 
recovered  undamaged  and  most  of  the  HE  was  un- 
reacted and  retained  in  the  confinement  after  an 
experiment.  A typical  round  recovered  after  firing 
is  shown  in  Fig.  7.1 . The  confinement  wan  aluminium 
alloy  and  the  wall  thickness  was  4.8  mm.  Maximum 
peak  forces,  mca'  ured  when  the  confinement  was 
varied  were  140  kN  and  43.2  kN  for  steel  and  alu- 
minium alloy  respectively. 

3.2  OCTOL-A 

Tire  experimental  results  are  shown  in  Fig.  5.  Peak 
force  increased  when  the  wall  thickness  was  in- 
creased from  4.8  mm  to  approximately  25.0  mm,  for 
both  steel  and  aluminium  confinements.  However 


293 


Fig.  4.  The  variation  of  peak  force  with  confinement 
wail  thickness  for  HW4  charges  confined  by  steel  (•) 
and  aluminium  alloy  (o)  cups. 


Wall  Thickness  mm 


Fig.  5.  The  variation  of  peak  force  with  confinement 
wall  thickness  for  Octol-A  charges  confined  by  steel 
cups  (•),  aluminium  alloy  cups  fo)  and  steel  cups 
with  a total  assembly  weight  of  5 kg  (XJ. 


Wall  Thickness  mm 

Fig.  6.  The  variation  of  peak  force  with  confinement 
wall  thickness  for  PBX  9404  charges  confined  by 
steel  (•)  and  aluminium  alloy  cups  (o). 


further  increases  in  wali  thickness  above  25.0  mm 
produced  little  further  increase  in  yield.  The  maxi- 
mum peak  forces  measured  were  460.2  kN  and 
296.6  kN  for  steel  and  aluminium  respectively.  Con- 
finements with  wall  thicknesses  not  exceeding  1 1.1 
mm  for  steel  and  17.5  mm  for  aluminium  were  re- 
covered undamaged,  but  with  more  HE  reacted  than 
shown  in  Fig.  7.1  for  HW4.  For  rounds  with  wall 
thicknesses  greater  than  these  values,  plastic  deforma- 
tion of  the  inner  wall  of  the  confinement  together 
with  severe  erosion  of  the  tufnol  spigot  was  observed. 
A charge  which  had  been  confined  in  aluminium  alloy 
with  a wall  thickness  of  36.5  mm  is  shown  after 
firing  in  Fig.  7.4,  and  this  result  is  typical  for  the 
thick  walled  confinement.  Unreacted  fragments  of 
HE  were  recovered  from  the  bomb  chamber,  and 
most  of  the  explosive  had  been  ejected  from  the  con- 
futing cup. 

The  results  for  the  steel  confinement  experiments 
in  which  the  charge  weight  was  maintained  at  5 kg 
are  also  shown  in  Fig.  5 for  comparison  with  the 
experiments  described  above  in  which  the  mass  of  the 
explosive  assembly  varied  with  wall  thickness.  For 
wall  thicknesses  in  excess  of  1 1.1  mm  the  results 
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Fig.  7./.  An  HW4  charge  assembly  after  firing.  Con- 
finement aluminum  alloy,  wall  thickness  4.8  mm. 

from  the  two  scries  of  experiments  with  steel  con- 
finement were  very  similar.  However,  for  wall  thick- 
nesses less  than  11.1  mm  significantly  larger  events 
were  observed  in  the  5 kg  scries.  Comparing  results 
for  confinements  with  wall  thicknesses  of  4.8  mm, 
peak  forces  of  (152  ± 40)  kN  were  measured  when 
the  experimental  mass  was  0.536  kg,  and  (269  ±11) 
kN  for  ?h?  experiments  in  which  the  mass  was  5 kg. 
The  increased  violence  of  reaction  was  also  apparent 
from  an  examination  of  the  round  after  the  experi- 
ment. Figure  7.2  shows  a 5 kg  round  with  a 4.8  mm 
wall  thickness,  after  firing.  Pronounced  distortion  of 
the  walls  of  the  confinement  occurred.  The  tufnol 
spigot  can  be  seen  to  be  forced  into  the  opened 
mouth  of  the  cup  and  this  probably  happened  on  the 
second  impact  of  the  drop  weight.  In  contrast,  the 
0.536  kg  round  with  the  same  wall  thickness  was 
recovered  undamaged. 

3.3  PBX9404 

Plastic  deformation  of  the  metal  confinements  was 
observed  for  all  wall  thicknesses  investigated.  Steel 
and  aluminium  alloy  confinements  with  wall  thick- 
nesses not  exceeding  11.1  mm  were  deformed  as 
shown  in  Fig.  7.3,  which  shows  a steel  confinement, 
with  4.8  mm  wall,  recovered  after  firing.  Significant 
belling  of  the  c xnfinement  had  occurred,  which  was 
similar  to  the  distortion  observed  for  Octol-A  in  Fig. 
7,2.  When  the  wall  thicknesses  exceeded  1 1.1  mm 
plastic  deformation  of  the  confinement  occurred  at 
the  internal  radius  only,  as  shown  in  Fig.  7.4  for 
Octol-A.  Experimental  results  arc  shown  in  Fig.  6 as 
a function  of  confinement  wall  thickness.  The  varia- 
tions of  peak  impressed  force  with  confinement  wall 


Fig.  7.2.  An  Octol-A  charge  assembly  after  firing. 
Confinement  steel,  wall  thickness  4.8  mm.  Total  as- 
sembly weight  5 kg  including  the  steel  make  weight 
visible  in  the  lower  half  of  the  figure.  In  the  upper 
half  the  tufnol  spigot  can  be  seen,  forced  into  the 
mouth  of  the  cup. 


Fig.  7.3.  A PBX  9404  charge  assembly  after  firing. 
Confinement  steel.  Wall  thickness  4.8  mm. 


thickness  for  both  steel  and  aluminium  alloy  were 
qualitatively  similar  to  the  results  previously  described 
for  Octol-A.  Maximum  peak  forces  of  977  kN  and 
475  kN  have  been  recorded  for  steel  and  aluminium 
alloy  confinements  respectively. 

4.  DISCUSSION 

Reaction  was  initiated  in  these  experiments  under 
conditions  of  transient  loading  which  simulated  the 
impact  conditions  in  the  AWRE  Skid  Test.  Partial 
reaction  of  the  HE  was  observed  in  all  cases  with  the 


295 


Fig.  7.4.  An  Octol-A  charge  assembly  after  firing. 
Confinement  aluminium  alloy,  wall  thickness  36.5 
mm.  ihe  central  portion  of  the  cup  near  the  Inside 
wall  is  shown.  'Ihe  outside  wall  (not  shown)  was  not 
deformed.  Most  of  the  tufnol  spigot  can  be  seen  in- 
side ihe  cup. 


unreacted  explosive  cither  retained  in  the  confine- 
ment or  dispersed  in  the  test  area,  depending  upon 
tiie  severity  of  the  reaction.  For  any  given  confine- 
ment the  experimental  results  in  Figs.  4,  5.  and  6 
show  that  the  ranking  of  explosiveness  for  the  com- 
positions investigated  was  HW  4 < Octol-A  < PBX 
9404.  Differences  were  least  pronounced  when  the 
charges  were  confined  in  thin  walled  aluminum  ves- 
sels, and  most  pronounced  for  charges  confined  in 
thick  walled  steel  vessels.  The  maximum  peak  im- 
pressed forces  obtained  for  HW<t,  Octol-A  and  PBX 
9404  in  both  steel  and  aluminium  confinements  are 
shown  in  Table  2,  together  with  the  response  of  50  lb 
hemispherical  charges  in  the  AWRE  Skid  Test  for 
comparison. 

The  results  in  Figs.  4,  5,  and  6 indicate  that  both 
the  strength  and  the  inertial  components  of  confine- 
ment can  be  important,  in  varying  proportions,  de- 
pending on  the  experimental  conditions.  For  any 
cxplosivc/cup  material  combination,  the  explosive- 
ness increased  with  increasing  wall  thickness  up  to  a 
limiting  value.  This  suggests  that  the  strength  of  the 
confining  cup  is  a factor  controlling  the  event  size, 
since  the  maximum  Internal  stress  to  cause  plastic 
deformation  of  the  cup  walls  increases  in  this  way 
with  increasing  wall  thickness.  Yield  stresses  for  the 
aluminium  alloy  and  the  steel  were  both  of  the  order 
of  0.28  GPa.  The  strengths  of  aluminium  and  steel 
confining  cups  of  the  same  size  should  therefore  be 
similar.  However  in  all  experiments  larger  events  were 


TABLE  2 


Maximum  peak  impressed  forces  for  steel  and  alu- 
minium confinements  compared  with  Skid  Test  re- 
sults (Unit  kN). 


HW4 

Octol-A 

PBX  9404 

Aluminium 

43.0 

297.0 

475.0 

Steel 

140.0 

460.0 

977.0 

Skid 

Small 

Large 

High 



Partial 



Partial 

Order 

obtained  with  the  steel  than  with  the  aluminium  sug- 
gesting that  the  inertia  of  the  confinement  was  also 
important. 

Following  the  model  proposed  by  Macek  (4),  build 
up  to  detonation,  in  a system  with  no  venting,  would 
be  determined  by  (a)  the  relation  between  burning 
rate  and  pressure,  (b)  the  shock  sensitivity  of  the 
composition  in  an  appropriate  geometry  and  (c) 
geometrical  factors.  Venting  did  occur  in  the  present 
experiments,  and  the  relative  rates  of  product  gas 
formation  and  venting  must  also  be  taken  into  ac- 
count. Three  different  venting  processes  were  iden- 
tified by  examining  rounds  recovered  after  firing: 

(1)  acceleration  of  the  charge  assembly  under  the 
action  of  the  force  exerted  by  the  reaction  products, 
with  the  resulting  vertical  displacement  of  tire  round 
allowing  the  escape  of  product  gases.  At  the  time  of 
the  initiation  the  felt  pulse  shaper  is  compressed  by  a 
force  of  20-25  kN  and  the  high  speed  photographic 
sequence  shown  in  Fig,  3.3  indicates  that  the  felt  is 
strained  approximately  50%.  Static  compression  tests 
were  made  on  the  felt  pulse  shaper  and  a load/dis- 
placemcnt  curve  is  shown  in  Fig.  8 for  a sample  which 
was  prestressed  by  a load  of  12  kN.  The  point  P on 
the  curve  at  22  kN  indicates  typical  initiation  condi- 
tions. From  the  curve  it  may  be  deduced  that  addi- 
tional loads  of  10,  20  and  30  kN  produced  by  a 
developing  reaction  could  give  rise  to  additional  com- 
pressions in  the  felt  of  0.29,  0.54,  and  0.73  mm  re- 
spectively. From  these  measurements  it  would  appear 
that  sufficient  relative  movement  between  the  drop 
weight  and  the  experimental  assembly  can  occur  fol- 
lowing initiation  of  the  HE  to  allow  venting  of 
product  gases.  The  initial  stages  of  the  vortical  ac- 
celeration of  the  charge  assembly  will  therefore  be 
governed  by  the  mass  of  the  charge  assembly  and  not 
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Fig.  8.  A static  load-displacement  curve  for  a felt 
pulse  shaper,  12, 7 mm  thick  X 75  mm  diameter  pre- 
stressed by  a load  of  12  kN.  (The  strain  for  a load  of 
12  kN  was  approximately  50%).  The  point  F indi- 
cates the  degree  of  compression  of  the  pulse  shaper 
corresponding  to  typical  initiation  conditions  in  the 
explosiveness  experiments. 

that  of  the  drop  weight,  since  these  are  effectively 
decoupled  by  the  pulse  shaper.  Increases  in  the  mass 
of  the  round  will  therefore  lead  to  an  increased  event 
size  for  this  venting  mechanism. 

(ii)  Plastic  deformation  of  the  confinements  in- 
volving a displacement  of  all  of  the  wall  material. 

This  type  of  deformation  is  illustrated  in  Figs.  7.2 
and  7.3,  and  would  occur  when  the  internal  stress 

in  the  confinement  was  such  that  the  maximum  hoop 
stress  in  the  wall  exceeded  the  yield  stress  of  the  con- 
finement material.  The  maximum  internal  stress  to 
cause  failure  will  increase  with  increasing  wall  thick- 
ness, for  a given  confinement,  until  the  internal  stress 
approaches  the  yield  stress  for  the  confinement  ma- 
teria). Venting  will  occur  at  a rate  which  depends  on 
the  radial  motion  of  the  wall  material  which  in  turn 
will  be  related  to  the  inertia  of  the  wall.  Event  size 
will  thus  increase  with  increasing  wail  strength  and 
wall  mass  up  to  a maximum  value  determined  by  the 
yield  stress  of  the  material. 

(iii)  Plastic  deformation  of  the  confinement  in 
which  the  internal  radius  is  increased  whilst  the  ex- 
ternal radius  remains  unchanged.  This  mechanism 
may  be  seen  as  the  limiting  case  of  mechanism  (ii), 
above,  when  the  internal  stress  in  the  confinement 
approaches  the  yield  stress  of  the  material.  Further 
increases  in  wall  mass  and  thickness  will  then  have  no 


further  influence  on  event  size.  An  example  of  this 
type  of  deformation  is  given  in  Fig.  7.4. 

The  influence  of  these  venting  mechanisms  and 
hence  the  strength  and  inertia  of  the  confinement  on 
the  build  up  of  reaction  may  be  illustrated  by  the 
experimental  results  for  Octol-A  shown  in  Fig.  5. 

Peak  impressed  force  has  been  replotted  as  a function 
of  the  mass  of  the  charge  assembly  in  Fig.  9 in  which 
the  results  for  the  5 kg  scries  of  experiments  have 
been  omitted.  In  region  I a single  curve  may  be  fitted 
to  the  steel  and  aluminium  confinement  data.  All  the 
confinements  were  recovered  undamaged  in  this 
region,  and  the  results  arc  clearly  in  agreement  with 
venting  by  mechanism  (i).  ..In  region  II  the  peak  im- 
pressed forces  measured  for  each  confinement  ma- 
terial tend  to  limiting  values  with  increasing  mass 
(and  therefore  wall  thickness)  and  all  confinements 
recovered  were  deformed  on  their  internal  radius 
only.  Venting  by  mechanism  (iii)  is  consistent  with 
this  data,  with  the  strength  of  the  confinement  ma- 
terial limiting  the  event  size.  The  results  for  steel 
tend  to  a higher  limiting  value  than  those  for  alu- 
minium since  for  a given  strength  steel  is  heavier  than 
aluminium. 


Fig.  9.  The  variation  of  peak  force  with  the  mass  of 
the  charge  assembly  for  Octol-A.  ( o)  Aluminium 
alloy  confinement  (•)  Steel  confinement. 
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In  the  5 kg  series  of  experiments  venting  by  mech- 
anism (i)  was  not  observed,  for  any  confinement. 
Increasing  the  mass  of  the  round  for  the  thin  walled 
confinements  reduced  the  effectiveness  of  venting  by 
mechanism  (i)  and  reaction  pressures  sufficiently  to 
cause  plastic  deformation  of  the  confinement  occur. 
The  increase  in  mass  for  the  thick  walled  confine- 
ment is  not  effective  in  increasing  the  event  size  since 
the  major  venting  mechanism  for  these  confinements 
was  mechanism  (iii). 

Factors  responsible  for  differences  in  explosiveness 
include  mechanical  processes,  and  the  ignition  and 
burning  characteristics  of  the  explosive.  The  work 
reported  here  has  concentrated  on  the  mechanical 
aspects.  However  differences  in  the  burning  rate/ 
pressure  relationship  between  HW4,  Octol-A  and 
PBX  9404  may  be  inferred  from  the  results.  In  the 
experiments  with  HW4  the  confinements  were  re- 
covered undamaged  in  all  cases  and  therefore  either 
(a)  the  venting  rate  by  mechanism  (i)  exceeds  the  rate 
cf  product  gas  formation  or  (b)  the  impact  time  is 
short  compared  with  the  build  up  time  for  the 
reaction. 

With  PBX  9404  plastic  deformation  of  the  con- 
finement was  always  observed  implying  that  the  rate 
of  product  gas  formation  appropriate  to  the  experi- 
mental impact  conditions  always  exceeded  the  rate  of 
venting  by  mechanism  (i).  Venting  by  mechanism  (i) 
was  predominant  for  Octol-A  for  rounds  weighing 

0.1 -0.5  kg.  However,  when  the  mass  was  increased 
mechanisms  (ii)  and  (iii)  predominated,  indicating 
that  the  reaction  rate  increases  significantly  with  in- 
creasing pressure. 


5.  SUMMARY 

In  a small  scale  test,  designed  to  simulate  the  im- 
pact conditions  in  the  AWRE  Skid  Test,  the  ranking 
with  increasing  explosiveness  for  three  test  composi- 
tions was  found  to  be  HW4  < Octol-A  < PBX  9404, 
in  good  qualitative  agreement  with  the  full  scale  test. 

Explosiveness  is  a property  of  an  HE  and  its  con- 
finement. The  importance  of  both  the  strength  and 
inertial  components  of  confinement  has  been 
demonstrated. 
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PROPELLANT  DETONATION  RISK  TESTING 
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For  various  propellants  the  possibility  of  detonation  on  flame  ignition  has  been 
investigated  in  field  trials.  Single-base  multiperf orated  propellant  failed  to  detonate 
under  the  test  conditions.  Double-base  single-perforated  propellant  and  porous 
single-base  propellant  did  detonate  indeed.  On  the  basis  of  pressure  measurements 
TNT  equivalences  have  been  determined.  A laboratory  test  luis  been  developed 
whose  results  agree  well  with  those  of  the  field  tests. 


INTRODUCTION 

In  1972  an  explosion  occurred  during  the  manu- 
facturing process  of  porous  propellant  (1). 

Altogether  more  than  2 tons  of  porous  nitrocellulose 
powder  were  involved  in  this  explosion.  Electrostatic 
discharge  in  propellant  dust  during  a drying  operation 
may  be  regarded  as  the  most  likely  cause  of  ignition. 
The  effect  of  the  violent  explosion  was  such  that 
considerable  window  pane  failure  was  encountered  in 
a nearby  residential  area  at  a distance  of  at  least  500 
m from  the  explosion  point. 

After  this  explosion  the  authorities  prescribed  that 
the  quantities  of  propellant  in  process  and  storage 
should  be  reduced  to  such  an  extent  as  to  diminish 
the  damage  to  the  relevant  residential  area  to  a maxi- 
mum of  5 to  10  per  cent  of  window  pane  failure  in 
the  event  of  another  explosion. 

In  order  to  comply  with  this  condition  and  also  to 
safeguard  continuation  of  the  works’  activities  a 
safety  plan  has  been  designed  with  the  principal  ob- 
jective to  arrive  at  a hazard  classification  of  the 
various  propellants.  To  this  end  field  tests  have  been 
conducted  with  various  types  of  propellants. 

Previous  investigations  had  shown  that  all  types  of 
propellants  (single  base,  double  base  and  triple  base) 
are  capable  of  detonation  if  they  are  initiated  by  a 


HEchangc.  Since  in  the  case  of  an  incident  initiation 
will  mainly  be  by  some  thermal  source,  a deflagration 
will  take  place  initially.  The  question  is  whether  a 
deflagration  to  detonation  transition  will  occur. 


DEFLAGRATION  TO  DETONATION  TRANSITION 
IN  PROPELLANTS 

In  the  first  series  of  field  tests  it  was  assessed 
whether  the  various  types  of  propellant  were  capable 
of  burning  to  detonation  under  the  conditions 
comparable  with  those  prevailing  in  actual  practice  in 
the  factory . 

To  this  end  the  propellant  under  investigation  was 
introduced  into  a cylindrical  aluminum  container 
(Fig.  1)  of  the  following  dimensions:  height  90  cm, 
diameter  80  cm,  plate  gage  3 mm. 

Ignition  was  effectuated  by  means  of  a squib  and  2 
g of  a pyrotechnic  mixture.  This  mixture  consisted 
of  potassium  nitrate,  propellant  dust,  silicon  powder 
and  binder  in  a 4: 2:4 : 3 ratio.  The  ignition  source 
was  submerged  in  the  propellant  and  that  at  1/3  from 
the  filling  point.  The  charge  depth  of  the  propellant 
in  the  container  was  approximately  75  cm.  The 
occurrence  of  blast  was  measured  by  means  of  piezo- 
electric pressure  transducers,  placed  about  1 m above 
ground  level  at  distances  of  25, 50,  75  and  100  m 
from  the  explosion  point. 


299 


Fig.  1.  Cylindrical  aluminium  container. 


No  blast  occurred  on  ignition  of  350  kg  of  multi- 
pcrforatcd  single-base  propellant  with  a web  size  of 
1 .3  nun,  nor  with  350  kg  of  single-perforated  single- 
base propellant  with  a web  size  of  0.8  mm,  nor  with 
350  kg  of  single-perforated  double-base  propellant 
(NG  content  9 per  cent)  with  a web  size  of  0.48  nun, 
and  the  propellant  was  simply  burnt  down. 

On  ignition  of  porous  propellant,  however,  blast 
was  measured.  Based  on  peak  pressure  measurements 
blast  effects  corresponded  with  a TNT  mass  equiv- 
alence between  20  and  60  per  cent  (TNT  * !00%). 
(Table  1 ).  The  data  at  various  distances  showed  con- 
siderable scatter  without  a distinct  trend:  the  impulse 
data  showed  lower  equivalence  values  than  peak  pres- 
sures, viz.  10  to  25  per  cent. 

The  container  was  completely  fragmented.  The 
rather  fine  aluminum  fragments  travelled  over  a dis- 
tance of  at  least  1 00  in. 


TABU-  1 


TNT  Equivalence  of  Propellants 
on  Flame  Ignition 


Type  of  propellant 

Web  size 
(mm) 

TNT  equivalence 
(based  on 
peak  pressure 
at  25  m) 

multipcrforated 

1.3 

no  detonation 

single  base 
single  perforated 

0.8 

no  detonation 

single-base 
single  perforated 

0.6 

no  detonation* 

single-base 

5-15  per  cent 

single-perforated 

0.48 

no  detonation 

double -base 
(9  per  cent  NG) 
porous  nc. 

- 

20-60  per  cent 

""Ignition  halfway  the  charge  depth. 


(i)  propellants  that  do  not  detonate  under  the  test 
conditions  and  only  present  « mass  fire  hazard 

(ii)  propellants  that  have  a low  TNT-cqui valence  if 
and  when  they  explode 

(iii)  propellants  that  apparently  detonate  and  have 
a high  TNT-equivalence 

Moreover  it  appears  from  the  tests  with  the  single- 
perforated  single-base  piopellant  (with  a web  size  of 
0.6  mm)  that  density  and  the  location  of  ignition  of 
in  other  words  the  degree  of  confinement  plays  an 
important  part. 


With  single-perforated  single-base  propellant  with  a 
web  size  of  0.6  mm  that  was  loosely  filled  in  the 
container  and  ignited  halfway  the  charge  depth  the 
container  was  burnt  out.  However,  when  this  type  of 
propellant  was  vibrated  into  a compact  mass  and 
ignition  was  effectuated  at  1/3  from  the  filling  point 
an  explosion  occurred  with  a TNT  equivalence  of 
5-15  per  cent  (or  based  on  impulse  2-6  per  cent). 

It  is  apparent  from  this  test  series  that  the  various 
types  of  propellant  react  quite  differently  when  ig- 
nited with  a flame,  and  can  be  divided  imo  three 
hazard  groups,  viz. 


This  gave  cause  to  a second  test  scries  with  the 
parameters:  type  of  container  and  level  at  which 
ignition  takes  place  in  the  charge  depth.  Besides  the 
existing  cylindrical  aluminium  container  an  oblong 
aluminium  container  with  the  dimensions  1 .25  m long 
X 0.66  m wide  X 0,71  m high  and  a plate  thickness  of 
3 mm  was  used,  and  also  fibre-board  drums  (0.60  m 
high  X 0.36  m <f ).  Capacities  of  the  oblong  container 
and  fibre-board  drums  were  350  kg  and  25  kg  re- 
spectively. It  is  apparent  from  the  results  (Table  2) 
that,  with  the  exception  of  porous  nitrocellulose 
propellant,  explosion  fails  to  take  place  when  the 
tested  propellants  are  ignited  at  a maximum  of  0.55 
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TAlil.li  2 


TNT  Equivalence  at  Varying  Degree 
of  Confinement 


Type  of  propellant 

Web  size 
(mm) 

Type  of 
container 

Ignition 
depth  (m) 

% TNT-equi  valence 
(based  on  peak 
pressure) 

single-perforated 

single-base 

0.8 

R 

0.5 

0 

single-perforated 

single-base 

0.6 

R 

0.55 

0 

single-perforated 

0.48 

R 

0.45 

0 

double-base 
(9  per  cent  NC ) 

C 

0.55 

0 

porous  nc 

F 

0.35 

17 

(at  37  m) 

R = oblong  aluminium  container,  max.  350  kg 
C = cylindrical  aluminium  container,  max.  350  kg 
F = fibre-board  drum,  25  kg. 


m below  the  surface  irrespective  of  the  type  of  con- 
tainer . The  porous  nilrocellulose  propellant  did 
explode  and  the  blast  corresponded  with  a TNT 
equivalence  of  17  per  cent. 

Then  it  was  examined  whether  the  explosion  that 
occurred  with  two  types  of  propellant  was  indeed  a 
detonation.  To  this  end  a detonation  of  50  kg  of 
single-perforated  single-base  propellant  (with  a web 
size  of  0.6  mm),  and  of  25  kg  of  porous  nitrocellulose 
propellant  in  a fibre-board  drum  was  initiated  pur- 
posely with  the  aid  of  375  g of  plastic  explosive.  The 
blast  of  the  single  perforated  single-base  propellant 
corresponded  with  a TNT  equivalence  of  36  per  cent, 
while  that  of  the  porous  propellant  corresponded 
with  50  per  cent. 

From  this  it  follows  that  whereas  the  explosion  on 
flame  ignition  of  single-perforated  single-base  pro- 
pellant is  not  a full  detonation  that  of  porous 
propellant  is. 

This  test  series  indicates,  and  in  particular  the 
tests  with  the  single-perforated  single-base  pro- 
pellant (with  a web  size  of  0.6  mm),  that  transition 
to  detonation  has  taken  place  in  the  final  phase  of 
the  explosive  burning  of  the  propellant.  For  every 
condition  and  type  of  propellant  there  is  a so-called 


critical  layer  thickness  above  which  the  propellant 
detonates  and  below  which  it  fails  when  ignited  by 
means  of  a flame. 


COMPARTMENTATION 

The  purpose  of  the  following  series  of  field  tests 
was  to  determine  the  minimum  barrier  thickness 
whereby  sympathetic  detonation  just  fails  to  occur. 
This  thickness  is  an  important  parameter  in  safe  stor- 
age of  propellants  that  are  capable  of  detonation  even 
at  small  thickness  of  the  layer,  in  view  of  compart- 
mentation. 

It  is  clear  that  the  thickness  of  the  layer  is  related 
to  the  quantity  that  detonates,  but  since  the  scaling 
laws  apply  to  this  thickness  (third  power  of  the 
energy  release),  relatively  small  quantities  have  been 
used  in  these  tests  (max.  200  kg). 

The  test  set-up  (Fig.  2)  comprised  two  compart- 
ments with  a sand-filled  timbered  partition  in  be- 
tween. 

Dimensions  of  each  compartment  were:  length 
1 .50  m X width  1 .40  m X height  1 .70  m.  The  thickness 
of  the  backwall  was  0.60  m and  that  of  the  separation 
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Fig.  2.  Test  set-up  of  compartments. 


wass  was  0.40  in,  0.60  in  and  0,80  respectively  in 
three  different  set-ups.  (Fig.  3A). 


A 


Fig.  3A.  Arrangement  of  drums  in  compartments, 
a = 0.40,  0.60  and  0.80  m respectively. 

Each  compartment  contained  two  tiers  of  three  by 
three  fibre-board  drums  of  a capacity  of  25  kg,  of 
which  four  drums  that  were  placed  against  the  separa- 
tion wall  were  filled  with  porous  propellant  (Fig. 

3B).  The  remaining  ones  were  filled  with  sand. 


Fig.  38.  Section  A-A.  Arrangement  of  two  tiers  of 
drums  against  separation  wall. 


In  the  top  ‘donor’  drum  detonation  was  initiated 
with  375  g of  plastic  explosive.  The  possible  occur- 
rence of  a sympathetic  detonation  in  the  adjoining 
compartment  was  evidenced  by  means  of 

(i)  a detonation  of  primacord  with  one  end  in  the 
‘acceptor’  drum  (parallel  to  its  axis),  witnessed  by  a 
lead  plate  at  the  other  end 

(ii)  pressure  transducers,  installed  at  a distance  of 
50  m from  the  open  side  of  the  compartments 

In  the  case  of  a 0.40  m thick  separation  wall  a 
sympathetic  detonation  occurred  (Table  3),  whereas 
no  sympathetic  detonation  was  encountered  with  the 
0.60  and  0.80  m thick  separation  walls  and  after  the 
last  two  trials  unburned  propellant  was  found  back  in 
the  proving  grounds.  An  earthen  wall  of  a thickness 
of  0.60  m may  therefore  be  considered  the  minimum 
thickness  whereby  no  sympathetic  detonation  takes 
place  on  detonation  of  100  kg  of  porous  nitro- 
cellulose propellant.  Upscaling  to  larger  quantities  is 
done  by  the  cubic  root  of  the  quantity  of  propellant. 


TABLE  3 


Minimum  Barrier  Thickness 


Thickness 

separation 

wall 

Lead 

witness  plate 

TNT-equivalence  % 
peak  pressure 
at  50  m 

0.40 

Sympathetic 

58,  based  on  200  kg 
of  donor  + acceptor 
propellant 

0.60 

No  detonation 

65,  based  on  100  kg 
of  donor  propellant 

0.80 

No  detonation 

70,  based  on  100  kg 
of  donor  propellant 

The  barrier  tests  showed  also  that  the  TNT  equiv- 
alence of  propellants  is  dependent  on  the  distance  at 
which  the  peak  pressure  has  been  measured.  A pres- 
sure versus  distance  diagram  has  been  constructed  on 
the  basis  of  the  experimental  results  with  porous 
propellant.  This  diagram  is  compared  with  an 
equivalent  quantity  of  TNT  (Fig.  4). 
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Fig.  4.  Peak  pressure  versus  distance  diagram. 


It  shows  that  the  two  profiles  arc  in  good  agree- 
ment when  the  pressure  is  high.  At  pressures 
below  4 kPa  the  peak  pressure  of  the  propellant 
exceeds  that  of  TNT  at  the  same  distance,  This 
implies  that  the  propellant  equivalence  increases  with 
increasing  distance. 


LABORATORY  TEST 

Since  the  execution  of  field  tests  is  a costly  prop- 
osition the  search  for  a laboratory  test  which  would 
yield  the  same  hazard  classification  as  the  field  tests 
seems  a logical  step.  The  propellant  to  be  in- 
vestigated is  confined  in  a steel  tube  (Fig.  S)  with  the 
dimensions:  length  1 .1 8 m X I.D.  0.03  or  0.05  m, 
wall  thickness  0.01  m.  The  tube  is  closed  at  one  end. 
The  propellant  is  ignited  at  the  closed  end  with  the 


aid  of  a squib  in  a few  grams  of  pyrotechnic  mixture, 
or  by  means  of  plastic  explosive.  In  the  longitudinal 
axis  of  the  tube  a wire  is  fitted.  This  probe  consists 
of  a bare  copper  wire  round  which  an  intermittently 
nylon-insulated  resistance  wire  is  skipwound.  After 
short-circuiting  the  ends  of  the  two  wires  the 
assembly  is  wrapped  in  aluminum  foil,  and  fitted  in 
the  centre  of  the  tube  to  a depth  of  approximately  10 
cm  above  the  ignition  point. 

On  ignition  the  voltage  drop  in  the  circuit,  which 
is  proportional  to  the  reaction  rate  in  the  substance, 
is  monitored.  When  the  propellant  is  initiated  by 
means  of  a squib  an  initial  increase  in  the  rate  of  the 
reaction  front  is  observed  which  will  then  level  off  to 
a constant  value  (Fig,  6). 


diitonc* 

t 


► tim« 


Fig.  6.  Reaction  rate  curve  on  electric  initiation. 


Not  all  types  of  propellant  will  attain  this  constant 
value.  If,  on  the  other  hand,  initiation  is  effectuated 
by  plastic  explosive,  then  a constant  rate  is  attained 
at  once. 


-wire  probe 


Fig.  5.  Set  up  laboratory  test. 


On  the  basis  of  these  rate  measurements  the  pro- 
pellants may  be  divided  into  three  groups  (Table  4). 

TABLE  4 


Hazard  Classification  Based  on 
Velocity  Measurements  in 
the  Laboratory  Test 


Hazard 

group 

Velocity  m/s 

flame  ignition 

booster  ignition 

1 

max.  600  m/s 

6000  m/s 

2 

1300  m/s 

4000  m/s 

3 

3200  m/s 

4000  m/s 
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(i)  propellants  not  attaining  a constant  rate,  and 
having  a detonation  rate  which  is  many  times  higher 

(ii)  propellants  attaining  a constant  rate  which  is 
considerably  lower  than  the  detonation  rate 

(iii)  propellants  having  a high  reaction  front 
propagation  rate  in  excess  of  3000  m/s-  which  is 
almost  equal  to  the  detonation  rate 

As  compared  with  the  division  into  hazard  groups 
following  the  field  blast  measurements  tin's  sub- 
division shows  a striking  resemblance,  so  that  the 
laboratory  test  seems  to  be  well  suitable  for  hazard 
classification. 

In  order  to  determine  the  critical  layer  thickness 
of  the  various  propellants  also  the  distance  has  been 
determined  at  which  the  constant  rate  is  attained  in 
the  laboratory  test.  For  the  propellants  belonging  to 
the  first  hazard  group  holds  that  this  distance  is  larger 
than  1 .18  m.  For  the  propellants  of  both  the  second 
and  the  third  hazard  group  holds  that  this  distance  is 
about  constant,  viz.  about  0.30  in.  In  view  of  the 
results  of  the  forementioned  field  tests  where  pro- 
pellants from  hazard  group  3 detonate  almost 
completely  at  a layer  thickness  of  0.50  m,  and  those 
of  the  second  group  show  no  or  incomplete  detona- 
tion, the  critical  layer  thickness  and  this  distance 
cannot  directly  be  correlated.  The  objective  of  the 
present  investigation  is  to  try  and  find  a correlation  as 
yet  on  the  basis  of  the  laboratory  test. 

CONCLUSIONS 

The  various  types  of  propellants  can  in  practice  be 
divided  into  three  hazard  groups 


(i)  mass  fire  hazardous 

(ii)  mass  detonablc 

(iii)  detonablc,  depending  on  the  thickness  of  the 
layer 

The  laboratory  test  is  well  suited  to  establish  the 
hazard  group  of  the  propellant. 

The  investigation  to  determine  the  critical  layer 
thickness  with  the  aid  of  the  laboratory  test  with  be 
continued.  An  earthen  wall  with  a minimum 
thickness  of  0.6  m proved  to  be  capable  of  preventing 
a sympathetic  detonation  when  100  kg  of  the  tested 
porous  nitrocellulose  propellant  detonated. 
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Qualitative  formulae  are  developed  which  describe  the  volume  and  pressure 
dependence  of  certain  kinetic  processes  thought  to  occur  in  explosives.  The  volume 
and  pressure  dependences  of  the  monomolecular,  bond  breaking,  process  and  of  one 
possible  bimolecular  reaction  process  are  specifically  described,  and  the  possible 
relationship  between  these  processes  and  explosive  phenomena,  such  as  explosion 
time,  are  discussed. 


INTRODUCTION 

It  should  be  clear  that  energy  barriers  exist  to  the 
formation  of  explosive  products.  Were  this  not  so, 
explosives  would  not  exist  for  long  in  the  unrcactcd 
stale.  The  reactions,  therefore,  which  occur  in  explo- 
sives and  their  concomitant  rate  constants  should 
always  be  associated  with  a barrier  or  energy  of  acti- 
vation. In  what  follows  we  try  to  construct  qualita- 
tive models  and  expressions  for  the  rale  constants  and 
activation  energies  of  various  kinds  of  decomposition 
processes.  We  do  this  tc  ascertain  ti  e volume  and 
temperature  dependence  of  these  quantities  for  the 
purpose  of  improving  our  understanding  of  initiation 
and  detonation  phenomena  and  of  explosive  sensitiv- 
ity in  general.  It  is  important  to  note  that  the  models 
which  we  do  construct  differ  from  earlier  work  in 
that  the  volume  dependence  of  kinetic  processes  in 
solids  and  liquids  is  specifically  formulated  and  the 
physical  basis  for  this  dependence  is  elucidated. 

It  was  Evans  and  Polanyi  (I)  who  first  constructed 
a theory  of  volume  effects  on  reaction  kinetics.  In 
their  early  paper  they  described  such  effects  in  terms 
of  a volume  of  activation,  AV*,  which  is  the  differ- 
ence between  the  sum  of  the  normal  volumes  of 
reactant  molecules  and  the  volume  of  Eyrings 
(2)  activated  complex.  Here,  we  have  taken  a some- 
what different  approach  and  describe  kinetic 


processes  in  terms  of  other  fundamental  phenomena 
and  from  these  descriptions  we  derive  expressions  for 
AV*. 

Since  the  work  of  Evans  and  Polanyi,  a number  of 
investigators  (3,4)  have  done  work  substantiating  the 
significant  effects  of  volume  (or  pressure)  on  many 
types  of  kinetic  processes.  The  most  recent  indica- 
tions that  such  effects  arc  important  in  explosives 
have  been  given  by  the  work  of  Lee  ct  al.  (5),  who 
showed  tliat  the  time  to  explosion  at  any  given 
temperature  can  have  a significant  pressure  depend- 
ence. 

Clearly  then,  for  any  description  of  explosive 
behavior  to  be  complete,  the  volume  and  pressure 
effects  on  kinetics  must  be  taken  into  account.  It  is 
toward  this  end  that  we  have  made  a beginning  in  the 
modeling  of  such  effects  for  the  liquid  and  solid 
states. 

In  the  process  of  constructing  our  models,  some 
convenient  assumptions  have  been  made.  For 
example,  we  assume  that  rate  controlling  reactions 
proceed  in  one  direction  only.  This  assumption  may 
be  very  close  to  the  truth.  In  addition  to  this, 
thermodynamic  equilibrium  is  assumed,  and,  it  is  also 
assumed  that  whenever  a molecule  or  a pair  of  adja- 
cent molecules  have  sufficient  energy  to  react  or 
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disintegrate,  that  they  always  do  so.  These  assump- 
tions are  not  necessarily  true  but  this  inaccuracy 
should  not  detract  much  from  the  qualitative  descrip- 
tion of  monomolccular  and  bimolecular  decomposi- 
tion processes  given  below. 

MONOMOLECULAR  DECOMPOSITION 

Two  types  of  monomolccular  decomposition  can 
easily  be  distinguished.  We  refer  to  these  as  types  A 
and  B.  We  define  the  Type  A decomposition  as  one 
which  can  occur  because  one  or  several  internal 
modes  of  molecular  vibration  achieve  amplitudes 
sufficient  to  cause  cither  internal  reaction  or  the 
breaking  of  bonds.  The  C-N  bond,  for  example,  will 
lose  its  strength  if  it  is  strcached  beyond  a certain 
point.  Since  there  will  always  be  one  or  more  normal 
modes  of  natural  vibration  which  require  the  stretch- 
ing of  this  bond,  one  can  safely  assert,  assuming  the 
validity  of  Boltzmann  statistics,  that  any  temperature, 
T,  a certain  number  of  these  vibrations  should  have 
amplitudes  sufficient  to  cause  the  breaking  up  of  the 
molecule.  Likewise,  certain  modes  of  vibration  by 
virtue  of  their  large  amplitudes  can  bring  otherwise 
unbonded  atoms  of  the  molecule  into  such  proximity 
that  they  produce  internal  reaction.  In  nitromethane 
for  example,  the  scissorlike  motion  of  the  oxygens 
relative  to  their  companion  nitrogen,  could  conceiv- 
ably bring  one  of  the  oxygens  close  enough  to  a 
neighboring  hydrogen  atom  to  produce  the  reaction. 

CH3NO2  ->  CH2N  = 0 + HO-  + energy. 

Type  B decompositions  are  quite  different  and 
may  have  little  connection  with  intramolecular  vibra- 
tions. This  type  may  be  viewed  as  the  result  of  a 
change  in  the  electronic  slate  of  the  molecules.  One 
can  picture  a molecule  raised  in  energy  from  its  elec- 
tronic ground  state  to  some  higher  energy  level  from 
which  it  may  readily  decompose  into  products. 

Excited  levels  such  as  this  can  be  achieved  by  the 
absorption  of  cither  thermal  or  electromagnetic 
energy.  It  should  be  clear  then  that  explosives  which 
can  disintegrate  by  the  type  B process  will  also  exhibit 
the  property  of  photodecomposition  at  certain  fre- 
quencies of  light,  a fact  which  enables  us  to  directly 
determine  the  activation  energies  associated  with  this 
process. 

Of  the  two  types  of  monomolccular  decomposi- 
tion mentioned  thus  far,  we  investigate  type  A 


processes  only  and  below  we  construct  the  simplest 
possible  model  which  will  qualitively  describe  the 
related  decomposition  rates  as  functions  of  tempera- 
ture, T.  and  specific  volume,  v. 

Classically,  the  potential  energy  t//j  of  the  i'*1  nor- 
mal mode  of  molecular  oscillation  is  given  by, 

(1) 

where  wj  is  the  angular  frequency  and  f j is  the  normal 
coordinate  (6)  for  the  i*h  mode.  Since  the  normal 
coordinates  arc  linear  combinations  of  the  Cartesian 
displacements  of  the  atoms  from  their  equilibrium 
positions,  we  expect  that  decomposition  can  occur 
whenever  fj  reaches  a particular  value  (amplitude),  . 
The  potential  energy  associated  with  this  amplitude 
will  be 

= ~ w2f*2-  (2) 

Only  molecules  in  which  i/q  can  exceed  1 p*  will  be 
able  to  decompose  through  the  itt>  oscillation  mode. 
These  molecules  must,  therefore  have  enough  energy 
Ej  in  the  Ith  mode  such  that  Ej  > \ p* . According  to 
equilibrium  Boltzmann  statistics  (7),  the  fraction  fj  of 
molecules  which  have  (in  the  i*l>  mode)  an  energy 
greater  than  1 p*  is  given  by 

fj  - cxp(-  *,7kT)  = exp(-  w2f*2/2kT)  (3) 

where  k is  the  Boltzmann  constant.  The  total  num- 
ber per  gram,  iq,  of  molecules  having  Ej  > (//*  is 
simply  nfj  where  n is  the  total  number  of  molecules 
per  gram.  Since  each  mode  of  vibration  can  achieve 
f * only  once  per  cycle,  then  on  the  average,  a mole- 
cule with  sufficient  energy  will  decompose,  approxi- 
mately, in  the  lime  t-J2  where  is  the  period  of  the 
ith  mode  (i.c.,Tj  = 2?r/w|),  Hie  maximum  rate  at 
which  molecules  can  decompose  through  the  ith 
mode  is  given  by  the  relation, 

(7)  « — ‘ ' = - — n exp  {(-  w?f*2/2kT)}  (4) 

\dl/.  Tj  7T 

where  b is  a proportionality  constant  of  the  order  of 
unity.  From  equation  (4)  we  can  extract  the  rate 
constant,  Kj  for  the  process, 
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DWj  , „ 

Kj- exp{-w?fp/2kT}  (5) 

7T 

Since  there  are  in  general  3i>-6  internal  vibrational 
modes  for  a molecule  of  v atoms,  the  effective  rate 
constant,  k,  which  governs  the  disintegration  rate 
arising  from  all  modes  of  vibration  is  given  by  the  sum 
of  the  Kj.  That  is, 

3i>-6 

« = 2 (6) 

i=l 

The  total  rate  of  disintegration  via  monomolccular 
vibrations  is  then 


Since  the  Wj’s  will  be  affected  by  the  molecular 
environment,  that  is,  since  they  will  be  influenced  or 
perturbed  by  neighboring  molecules,  we  must  con- 
sequently expect  that  the  w*’s  will  change  with  chang- 
ing volume.  This  happens  because  smaller  volumes 
bring  neighboring  molecules  closer  n the  average  and 
increases  their  perturb'"g  effect  on  the  normal  mode 
frequencies.  The  's,  due  to  anharmonic  effects,  will 
also  depend  on  1 „ ut  that  problem  will  not  be 
addressed  at  this  time. 


Equation  (10)  is  very  interesting  because  it  implies 
that  near  ambient  temperatures  most  vibrationally 
induced  decomposition  process  will  be  suppressed  by 
pressure.  This  is  so  because  the  •yi’s,  with  a few 
exceptions,  are  generally  positive  (i.e.,  the  Wj’s  usually 
increase  with  decreasing  v)  and  in  addition,  2AEj/kT 
is  almost  always  greater  than  unity.  A relatively  low 
value  of  AEj/kT  which  is  associated  with  the  C-N 
bond  breaking  process  (8),  is  2 5, 000 /T.  This  informa- 
tion, along  with  some  information  on  the  infrared 
spectra  of  explosives,  can  be  used  to  calculate  the 
order  of  magnitude  of  the  pressure  dependence  of  K* 
for  the  C-N  (and  the  similar  N-N)  bond  breaking 
process  in  secondary  explosives.  Infrared  spectra  (9) 
of  high  explosives  indicate  that,  over  a pressure  range 
of  about  60  kbar,  normal  mode  frequencies  in  the 
region  of  2.S  X 1013  to  3 X 1013  hertz,  increase  by 
about  1.5%.  Since  these  frequencies  should  be  close 
to  that  for  the  C-N  bond  vibration  (10)  wi  expect 
Awj/wj  to  be  about  .015  as  pressure  ipereases  from  1 
atm  to  60  kbars.  Theoretical  work  (1 1)  on  TATB 
indicates  that  Av/v  should  typically  be  about  -0.18 
over  the  same  pressure  range.  Therefore, 


t\~- 


Awj 

Wj 


— = 0.083 
Av 


It  is  interesting  to  examine  the  logarithmic  volume 
derivative,  (3  In  « j/3  In  v>j-  of  equation  (5).  Taking 
this  derivative,  one  finds 


3 In  «j\ 

, 3 In  v jr  ^ 


*i*i2 

kT 


(8) 


where  iq  = - d In  wj/d  In  v,  is  the  Griineisen  parameter 
for  the  i‘h  mode.  Since  wj*?*2  is  just  twice  the  activa- 
tion energy,  AEj,  for  the  decomposition  process, 
equation  (8)  may  be  rewritten  in  the  form, 

3 In  xA 
3 In  v /, 


2AE, 

kT 


-1 


(9) 


Through  the  identity,  (3  In  kj/3  In  v)T  = - Bj(3  In  xj/ 
3E)t,  where  Br  is  the  isothermal  bulk  modulus,  we 
may  write  equation  (9)  in  terms  of  pressure  changes, 
i.e., 


/31rtKj\  7j 

2AEs 

t 

Up  U ’ b t 

is  a reasonable  estimate  of  the  Griineisen  Parameter 
for  the  bond  breaking  process.  Using  a rather  typical 
(12)  value  of  100  kbars  for  Bj  we  have,  for  the  C-N 
bond  breaking  decomposition, 


(d  In«^ 

U i 


0.00083 


50,000 

T 


-1  kbar-l.  (11) 


Equation  (1 1)  is  a crude  estimate  but  it  should 
provide  a reasonable  value  for  the  pressure  depend- 
ence of  the  bond  breaking  process  which  may  very 
well  dominate  (8)  the  reaction  kinetics  of  some 
explosives  at  low  P and  T.  In  fact,  its  predictions 
agree  surprisingly  well  with  values  which  may  be 
derived  from  time  to  explosion  measurements  (5). 
Assuming  the  time  to  explosion,  r,  is  proportional  to 
1/x,  we  find  from  experiments  at  555°K  that  for 
dinitropropane,  (3  In  x/3P)  ~ - 0.050  kbar"1  and  for 
HMX,  (3  In  k/ 3P)  ~ - .074  kbar"1 . Putting  T = 555°K. 
into  equation  (1 1),  we  find  (3  In  x/3P)  ^ - .074 
kbar-1  for  C-N  bond  breaking.  Since  there  is  good 
reason  (8)  to  suspect  that  the  bond  breaking  process 
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can  dominate  kinetics  in  this  region  of  T,  the  qualita- 
tive agreement  between  theory  and  experiment  trends 
to  support  the  theory  presented  thus  far. 

If  more  than  one  vibrational  mode  is  competitive 
in  the  decomposition  at  a given  T,  then  it  becomes 
necessary  to  sum  the  effects  of  different  modes  to 
obtain  the  pressure  dependence  of  the  effective  rate 
constant,  K.  That  is 


i=l 


the  pressure  itself.  The  value  of  P*  is  hard  to  esti- 
mate. It  will  depend  heavily  on  the  physical  proper- 
ties of  the  explosive  and  the  values  of  7j  and  AE;  for 
the  rate  controlling  processes.  It  is  safe  to  say,  how- 
ever, that  for  the  C-N  bond  breaking  process,  P* 
should  be  less  than  a few  kbar  ( 1 3). 


Another  interesting  aspect  of  equation  (10)  is  that 
it  may  be  used  to  calculate,  AV*,  a quantity  thought 
of  as  the  effective  difference  between  the  normal 
molecular  volume  and  an  activated  state  volume  (1) 
from  which  decomposition  may  occur.  This  quantity 
is  defined  by  the  equation 


d In  k\  _ AV* 
, 3P  /.,.  = " kT 


(13) 


If  one  of  the  Kj’s,  say  Kj,  is  much  larger  than  all  the 
rest  (which  also  implies  a larger  7j),  then  equation 
(12)  reduces  to  (3  In  k/3P)  ^t(3  In  Kj/dP)j.  There- 
fore if  one  vibrational  process  dominates  the  dceom- 
positional  kinetics,  then  its  pressure  dependence  will 
determine  the  pressure  dei  lence  of  the  kinetics. 

From  what  has  been  done  so  far  we  can  come  to  a 
few  tentative  conclusions  about  vibrationally  induced 
decomposition  process.  Equation  (5)  implies  that 
/q  « wj  when  AE/kT  « 1 . Since  AEj,  Wj2,  this 
suggests  that,  as  T increases,  the  processes  with  higher 
and  higher  activation  energies  begin  to  dominate  the 
decomposition  process.  Equation  (5)  also  suggests 
that  the  precoefficient  (wj/rr)  for  each  process  is  pro- 
portional to  the  square  root  of  the  activation  energy, 
AEj,  for  that  process.  This  means  that  unless  there 
arc  very  large  differences  between  all  the  AEj 
associated  with  a single  molecule,  (so  that  a single 
decomposition  mode  can  be  dominant  over  a broad 
range  of  P and  T)  the  value  of  k at  temperatures 
associated  with  detonation  will  be  considerably  higher 
than  would  be  assumed  from  ambient  temperature 
measurements.  This  casts  doubt  on  the  validity  of 
simple  Arrhenius  kinetics  when  applied  to  initiation 
and  detonation  phenomena, 

liquations  ( 1 0)  and  ( 1 2)  are  also  interesting 
because  they  imply  that,  if  there  are  no  processes  of 
importance  with  negative  7;,  then  there  will  be  a 
region  of  shock  pressures  in  which  it  is  impossible  to 
initiate  an  explosive  through  Type  A monomolecular 
pr  ocesses.  The  demarcation  point  is  determined  by 
the  shock  pressure,  P*.  which  raises  the  temperature 
sufficiently  to  offset  the  rate  suppression  caused  by 


Combining  equation  (13)  with  equation  (1 ) we  find, 
for  vibrational  decompositions, 

kT7j 

AV*  = 

Bt 

Using  the  earlier  results  for  C-N  bond  breaking  at 
S55°K,  one  finds 

AV*  = 5.6  X 10"24  cc/molcculc  = 3.4  cc/molc. 


2AE: 


kT 


- 1 


(14) 


This  calculated  value  of  AV*  is  quite  typical  of 
those  measured  for  organic  reactions  which  usually 
lie  (3)  between  -5  and  1 5 cc/mole.  The  last  result, 
therefore,  further  substantiates  the  validity  of  equa- 
tion (3). 


At  this  point,  we  can  say  little  more  about  Type  A 
or  Type  B processes  without  detailed  calculations  on 
specific  molecules.  This  we  save  for  future  work. 


BIMOLECULAR  DECOMPOSITION 

Bimolecular  reactions  should  result  front  the 
proximity  of  molecules.  It  is  reasonable  to  believe 
that  reaction  is  possible  when  two  (or  more)  specific 
atoms  on  different  molecules  come  to  within  a 
distance,  5,  of  one  another.  Because  the  molecules 
repel  one  another  at  close  range,  this  will  require  a 
certain  amount  of  energy  to  activate  the  reaction 
process.  To  qualitatively  describe  the  rates  associated 
with  these  reactions,  we  will,  for  the  time  being, 
limit  ourselves  to  the  simplest  possible  molecular 
model. 
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Assume  we  have  a solid  or  liquid  of  roughly 
spherical  molecules,  radius  ~ a,  which  perform  many 
oscillations  about  a given  site  before  changing  posi- 
tion in  a laboratory  frame.  Assume  also,  that  these 
oscillations  are  completely  harmonic  at  any  given 
specific  volume,  v,  for  the  system.  The  outer  atoms 
of  two  neighboring  molecules  will  then  be  able  to 
come  to  within  a distance  6 of  one  another,  only  if 
their  vibrational  amplitudes  are  sufficiently  large,  or, 
if  v is  so  small  that  the  molecules  are  forced  to  be  in 
close  proximity.  If  Rq  is  the  mean  separation 
between  one  molecule  and  a nearest  neighbor,  then 
reaction  can  occur  when  the  amplitude  of  vibration, 
r;  - (R  - Kg),  along  the  line  ot  centers  has  a maximum 
value,  r?*,  of  at  least  r/*  = (Ifi,  - 2a  - 6).  If  the 
associated  frequency  of  vibration  is  (w/2rr),  then  the 
energy,  Ali*,  required  to  achieve  r;*  is  Ali*  = 
iuw2t)*2/4  where  m is  the  molecular  mass.  Assuming 
thermodynamic  equilibrium,  the  fraction  of  the  /. 
nearest  neighbors  witli  which  a molecule  will  share 
this  energy  is*  cxp(-  Ali*/kT)  and  the  probability 
(hut  a given  molecule  shares  sufficient  energy  with  a 
neighbor  to  react  is  ty,  oxp(-  Ali*/kT).  As  in  the  cuse 
of  monomolccular  decomposition,  the  reaction  rate 
for  n molecules  per  gram  is  then 


0.  Keeping  this  in  mind,  we  take  the  logarithmic 
derivative  of  k with  respect  to  v and  obtain 


( 'd  In  k\ 

2 Ali* 

■ 

2 Ali* 

r /v\l/3l 

1^4' 7 

. kT 

- 1 

3kT 

1 ( C) 

\V  / 

-I 

(17) 


where  7 = - d In  w/d  In  v.  In  terms  of  pressure 
changes  we  have 


/t)  In  k\  _ y 2Ali* 
\ 3I»  ~ ' Tfi-  [ kT 


2_Ali*_ 
+ 3B|kT 


(18) 


Tills  last  relation  is  very  interesting  because  there 
are  two  competing  terms  on  the  right-hand  side.  The 
ilrst  term  is  identical  in  form  to  oquation  (10)  for 
monomolccular  processes.  I lore,  however,  y is 
expected  to  have  u value  of  two  or  greater  if  the 
molecules  of  the  system  are  bound  together  primarily 
by  Van  der  Wauls  bonds  (14).  This  will  frequently  be 
the  case  for  explosives. 


dn 

— GC 

dt 


w/.n 

— exp 

7T 


(15) 


liquation  (I  5)  assumes  that  reaction  occurs  at  the 
ilrst  opportunity  whenever  sufficient  energy  exists. 
The  rate  constant,  k,  is  therefore, 


wz 

“ — exp 

7T 


hiw2(Kq  -2a  -6)2 
4kT 


(16) 


Now,  as  before,  w will  depend  on  v.  Note  also 
that  R((  = avfi/3),  whore  c*  is  a proportionality  con- 
stant so  that  it  is  convenient  to  set  p*  = a(v*/3  - 
v‘/3),  where  v*(3  = (2u  - fi)/a,  is  a critical  volume  at 
which  all  neighbors  can  immediately  react  with  one 
another.  This  volume  is  the  volume  for  which  Ali*  - 


♦Here  It  la  mummed  that  a molecule  forms  an  independent ' 
oscillator  with  ouch  nearest  neighbor.  This  model  Is  over- 
simplified and  is  used  only  because  it  facilitates  the  calcula- 
tion of  volume  dependent  effects. 

fit  should  be  noted  that  it  is  not  assumed  to  be  u function  of 
n. 


Assuming  Ali*/kT  » 1 , the  first  term  in  equation 
(18)  Indicates  strong  pressure  suppression.  The 
magnitude  of  the  second  (rate  enhancing)  term 
depends  heavily  on  the  value  of  vc/v.  It  is  clear  that 
this  term  will  eventually  dominate  in  equation  (17)  as 
vu/v  1 . If  we  neglect  unity  compared  to  2Ali*/kT, 
then  the  two  terms  in  equation  (18)  exactly  balance 
when 


3 1 1 -(vc/v)fi3| 

Thus,  if  7 is  In  the  neighborhood  of  two,  then  the 
bimolecular  reuetion  rule  will  be  enhanced  with 
pressure  only  for  compressed  volumes  such  that 
vc/v  > .57.  It  is  interesting  to  pursue  the  question  as 
to  whether  or  not  an  explosive  may  acquire  a volume, 
v ~ vc,  in  a detonation  wave.  Before  we  consider  this 
question,  we  must  ilrst  dispose  of  the  spherical  sym- 
metry assumed  earlier,  since  most  explosives  are  not 
composed  of  spherical  molecules. 

In  a solid  explosive  it  is  reasonable  to  assume  that 
reaction  can  occur  when  the  extremities  of  two 
neighboring  molecules  vibrating  along  their  line  of 
centers  come  to  within  a distance  6 of  one  another. 


This  model  also  leads  to  equations  (16),  (1 7),  and 
(1 8)  as  before  except  that  now,  a is  half  the  molecular 
diameter  in  the  direction  of  oscillation  and  v is  associ- 
ated with  the  value  of  w for  that  direction.  One  can 
therefore  find  a value  of  vc  for  every  direction  of 
oscillation  for  which  biniolccular  reaction  is  possible. 
Now,  since  in  some  reactive  directions  in  some  explo- 
sives the  value  of  (2a  + 6)  will  be  a large  fraction  of 
the  distance,  Rq,  between  centers,  then,  it  is  entirely 
conceivable  that  a critical  volume  can  be  reached 
behind  a detonation  wave,  since  for  such  waves  a 
compression,  relative  to  the  original  explosive  volume, 
vo,  of  v/vo  < 0.75  is  not  unusual. 

In  liquid  explosives,  bimolccular  reaction  rates  will 
be  affected  by  molecular  rotations.  The  nitromethane 
molecule,  for  example,  will  normally  tend  to  rotate 
about  axes  passing  through  its  center  of  gravity  which 
is  close  to  the  nitrogen  atom. 

This  rotation  will  make  it  difficult,  for  example, 
for  the  carbon  of  one  molecule  to  come  to  within  1 A 
(tire  approximate  C = 0 bond  distance)  of  the  oxygens 
of  another  molecule  in  order  to  form  CO  or  CO2. 

This  implies  a very  high  effective  activation  energy  for 
this  reaction  if  almost  all  the  molecules  arc  freely 
rotating.  With  compression,  however,  rotations  will 
be  suppressed  (hindered)  and  the  effective  activation 
energy  for  the  process  will  drop  accordingly.  This  is 
an  interesting  effect  because  it  connects  reaction  rates 
with  the  hindering  of  rotations.  The  existence  of  the 
phenomena  would  imply  that  the  relaxation  time 
associated  with  the  transition  from  rotation  to  vibra- 
tion may  be  an  important  factor  in  the  shock  initia- 
tion and  detonation  of  liquid  explosives. 

At  this  point,  little  more  can  be  said  without 
further  analysis  and  calculations  on  specific  explo- 
sives. The  results  obtained  thus  far  are  summarized  in 
the  discussion  below. 


DISCUSSION  AND  CONCLUSIONS 

We  have  constructed  plausible  models  to  describe 
qualitatively,  the  pressure  and  temperature  depend- 
ence of  monomolccular  (Type  A;  internal  reaction  or 
bond  breaking)  and  bimolccular  reactions  in  explo- 
sives. In  both  cases  we  find  that  the  reaction  rates  arc 
volume  dependent  (and  therefore  they  arc,  indirectly, 
pressure  dependent).  In  the  ease  of  monomolccular, 
Type  A,  processes,  only  a slight  volume  or  pressure 


dependence  is  anticipated.  For  those  processes, 
different  rates  arc  associated  with  different  vibra- 
tional modes  and  the  decomposition  modes  of  higher 
activation  energy  arc  expected  to  dominate  at  the 
higher  temperatures.  In  addition,  we  expect  that  the 
prccoefficicnt  associated  with  a particular  decomposi- 
tion mode  should  be  roughly  proportional  to  the 
square  root  of  the  activation  energy  for  that  decom- 
position mode,  These  results  lead  us  to  conclude  that 
a simple  Arrhenius  rate  law  may  describe  detonation 
processes  only  very  crudely  and  that  activation 
energies  determined  under  ambient  conditions  muy 
have  little  bearing  on  detonation  processes. 

In  the  case  of  bimolccular  reactions,  strong  pres- 
sure suppression  of  the  rate  is  indicated  until  the  sys- 
tem nears  some  critical  volume  vc.  The  approach  to 
this  volume  signals  the  onset  of  extremely  rapid  reac- 
tion which  can  occur  at  relatively  low  temperature. 
We  expect  that  this  may  be  a significant  initiating 
mechanism  in  some  explosives.  In  the  ease  of  liquid 
explosives,  we  suggest  that  free  molecular  rotations 
can  impede  bimolccular  reaction  rates  and  that  this 
rate  can  be  enhanced  in  such  eases  by  the  hindering 
of  rotations  through  compression  of  the  system.  In 
the  ease  of  rapid  shock  compression,  the  relaxation 
time  associated  with  the  rotation  to  vibration  transi- 
tion may  have  an  important  bcai-.ig  on  the  sensitivity 
of  liquid  explosives  to  the  duration  of  applied  shocks, 
For  that  matter,  subsequent  to  a shock,  any  relaxa- 
tion processes  of  sufficient  length  which  slow  the 
rate  of  internal  temperature  increase  of  explosive 
molecules  will  have  an  equally  important  bearing  on 
shock  sensitivity. 

One  general  implication  of  all  these  results  is  that 
more  effort  should  be  spent  on  high  pressure  experi- 
mentation. The  high  pressure  infrared  and  Raman 
spectra  of  explosives  would  tell  us  more  about  the 
values  of  w;,  71  and  the  relative  values  of  the  AEj,  for 
monomolecular  decomposition  processes.  Likewise, 
very  high  pressure  (>  100  kbar)  experiments  done  at 
ambient  temperature  would  shed  light  on  whether  or 
not  any  critical  volumes  may  be  associated  with 
bimolccular  decomposition  processes.  Such  experi- 
ments are  now  possible  as  a result  of  new  measuring 
techniques  associated  with  the  use  of  the  diamond 
anvil  press.  (15) 

Before  closing,  we  caution  the  reader  as  to  the 
qualitative  nature  of  the  results  described  above. 
Harmonic  oscillations  (at  constant  v)  have  been 
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assumed  throughout.  This  is  an  unrealistic  assump- 
tion in  most  eases  and  consequently,  the  precocffici- 
ents  for  the  theoretical  rate  constants  are  only 
roughly  proportional  to  the  square  root  of  the  associ- 
ated activation  energies  and  not  exactly  proportional 
as  indicated  by  equations  (S)  and  (16).  For  the  same 
reason,  if  a particular  wj  and  {'j*-  were  known,  then  an 
activation  energy  calculated  by  means  of  Alq  = 
(l/2)wif*2  would  probably  be  seriously  in  error.  It  is 
better  for  the  time  being  to  use  experimental  values 
for  the  AE|.  It  will  be  part  of  our  future  work  to 
develop  more  accurate  theoretical  expressions  for 
these  quantities. 
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THE  RELATIONSHIP  OF  IMPACT  SENSITIVITY  WITH  STRUCTURE  OF  ORGANIC 
HIGH  EXPLOSIVES.  I.  POLYNITROALIPHATIC  EXPLOSIVES 


Mortimer  J.  Kamlet 
Naval  Surface  Weapons  Center 
White  Oak  Laboratory 
Silver  Spring,  Maryland  20910 


Impact  sensitivities  of  organic  high  explosives  are  primarily  functions  of  their 
thermal  decomposition  rates  at  the  temperatures  generated  under  the  impact  ham- 
mer. For  classes  of  explosives  with  similar  decomposition  mechanisms,  there  appear 
to  he  rough  linear  relationships  (sensitivity-structure  trends)  between  logarithmic 
50%  impact  heights  and  values  of  OB  t of),  a measure  of  oxidant  balance.  It  is  shown 
that  polynitroaliphatic  explosives  containing  at  least  one  N-nitro  linkage  are  more 
sensitive  as  a class  than  nitroaliphatic  explosives  containing  only  C-nitro  linkages. 


Factors  which  influence  the  sensitivity  of  high 
explosives  have  long  been  of  interest  to  the  United 
States  Navy.  An  ongoing  approach  to  the  problem 
at  the  Naval  Surface  Weapons  Center,  NSWC  (cx 
Naval  Ordnance  Laboratory,  NOL)  has  been  to  in- 
vestigate the  reactions  governing  sensitivity  in  much 
the  same  manner  as  the  physical  organic  chemist 
usually  studies  any  reaction,  /.  c.,  by  determining  the 
effect  of  structure  on  reactivity.  We  wish  now  to 
describe  this  approach  as  it  applies  to  several  types  of 
nitroaliphatic  explosive  compounds. 

Of  the  many  means  of  evaluating  sensitivity  of 
high  explosives,  the  impact  test  is  by  far  the  most 
common.  The  test  involves  subjecting  samples  of  the 
explosives  to  the  force  of  a series  of  hammer  blows 
caused  by  a standard  weight  falling  from  varying 
heights.  The  sensitivity  is  reported  as  that  height 
which  has  a 50%  probability  of  causing  an  explosion. 

As  carried  out  at  the  Naval  Surface  Weapons  Cen- 
ter, the  technique  is  a modification  of  that  developed 
at  the  Explosives  Research  Laboratory,  Bruccton, 
Pennsylvania  during  World  War  II.  The  salient  fea- 
tures which  distinguish  the  ERL-NSWC  machine  and 
method  from  other  such  tests  arc:  the  particular  tool 
design,  the  criterion  of  explosion,  the  use  of  flint 
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paper  to  rest  the  sample  on,  and  the  statistical  proce- 
dure used  to  conduct  the  experiment  and  reduce  the 
data(l). 

Because  the  machine  can  distinguish  between  ex- 
plosives with  50%/  impact  heights  of  15  and  20  cm 
about  equally  as  well  as  between  1 50  and  200  cm,  the 
logarithm  of  the  50%/  height  is  usually  considered  to 
be  tlie  best  measure  of  relative  impact  sensitivity. 
Impact  sensitivities  (or  50%/  heights)  for  some  stand- 
ard explosives  arc:  1 , 3-diamino-2, 4,  6-trinitro- 
benzene, 320  cm  (top  of  scale);  TNT,  160  cm;  Comp. 
A-3,  60-70  cm;  Comp  B,  60-70  cm;  tctryl,  32-35  cm; 
RDX,  22-24  cm;  HMX,  24-26  cm;  bis  (2,  2,  2-trinitro- 
cthyl)  urea,  14-16  cm;  PliTN,  10-13  cm;  bis  (2,  2, 
2-trini troc thy  1)  nitraminc,  4-6  cm;  lead  azide,  2-4  cm. 

The  test,  which  has  the  advantage  of  requiring 
relatively  small  quantities  of  material  (ca  700  mg), 
may  be  carried  out  rapidly  and  conveniently,  and  it 
has  proven  reasonably  successful  in  separating  high 
explosives  into  classes  of  generally  similar  handling 
hazards.  The  machine,  however,  has  neither  the 
resolution  nor  the  reproducibility  required  of  a re- 
search tool,  and  only  limited  reliability  may  be  at- 
tributed to  any  individual  25-shot  impact  result. 

TNT,  a standard,  illustrates  the  poor  reproducibility. 
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Separate  25-shot  determinations  on  twice  recrystal- 
lizcd  material  have  given  50%  impact  heights  ranging 
from  below  100  cm  to  above  250  cin.  Such  varia- 
tions have  been  attributed  to  operator  technique, 
particle  size  distribution  in  the  sample,  atmospheric 
conditions  (humidity,  etc.),  and  multifold  other 
causes. 

In  view  of  the  unreliability  of  individual  results, 
it  was  felt  that  any  correlation  of  impact  sensitivity 
with  structure  would  necessarily  depend  on  a large 
body  of  data  determined  for  classes  of  chemically 
related  compounds.  It  was  hoped  that  errors  in  the 
individual  determinations  would  tend  to  cancel  (■  ' 
and  that  a plot  of  the  data  as  a function  of  the 
structural  parameter  chosen  for  comparison  would 
show  the  data  points  distributing  about  a meaningful 
sensitivity-structure  trend.  This  trend  might  then 
serve  as  a tool  for  predicting  impact  behavior  of  con- 
templated new  synthesis  candidates.  We  were  fortu- 
nate in  that  the  large  body  of  impact  information  had 
already  been  assembled  at  NOL  during  the  period 
iy.SO-1%0,  and  that  a majority  of  the  determinations 
had  been  carried  out  by  the  same  competent  opera- 
tor. 

A convenient  structural  parameter  chosen  for 
comparison  with  log  h5()%  was  oxidant  balance, 
Oll|(J(l,  a term  which  we  define  us  the  number  of 
equivalents  of  oxidant  per  hundred  grams  of  explo- 
sive about  the  amount  required  to  burn  all  hydrogen 
to  water  and  all  carbon  tu  carbon  monoxide.  In  cal- 
culating OB 1 00,  an  atom  of  oxygen  represents  two 
equivalents  of  oxidant,  an  atom  of  hydrogen  one 
equivalent  of  reductant,  and  an  atom  of  carbon  two 
equivalents  of  reductant  (2).  Since  carboxyl  groups 
are  considered  to  be  “dead  weight”,  two  equivalents 
of  oxidant  were  subtracted  for  each  such  group  in 
the  molecule  (3).  For  C-ll-N-0  explosives,  the  applica- 
ble equation  is, 

10tX2nQ-nj|-2n(--2n('OO) 


where  iqj,  njj,  and  nc  represent  the  number  of  atoms 
of  the  respective  elements  in  the  molecule,  and  nt;oo 
is  the  number  of  carboxyl  groups.  For  explosives 
balanced  to  the  CO-level  of  oxygen  balance,  OB^  = 
0;  at  the  CC^-lcvcl  of  oxygen  balance,  OBj  “ ai  + 
2,5  (4).  Values  of  OB1()0  are  additive  for  mixtures  of 
explosives,  of  for  explosive  plus  nonexplosive  diluent. 


A number  of  criteria  were  set  for  explosive  com- 
pounds included  in  the  correlations:  the  compound 
was  solid  at  room  temperature;  contained  no  hetero- 
aromatic  ring  such  as  triazole,  tetrazolc,  etc.;  con- 
tained no  acetylenic  or  azido  groups;  and  was  not  a 
salt.  Impact  sensitivities  for  seventy  eight  polyni- 
trouliphatic  and  alicyclic  explosives  which  meet  these 
requirements  are  listed  in  Tabic  1 , together  with 
molecular  formulas  and  values  of  OBj  ()0.  The  com- 
pounds are  divided  into  eight  categories  as  follows: 

A ) eight  compounds  with  nitro  groups  exclusively 
in  nilraminc  linkages;  Tc  try  I is  included  to  avoid  set- 
ting up  a separate  category  for  this  single  example; 

//)  seven  compounds  with  nitro  groups  in  both  nitra- 
mine  and  tfem-dinitro  linkages;  C)  seventeen  examples 
containing  both  nilraminc  and  trinitromethyl  linkages. 
Some  also  contain  /ft7«-dinitro  groups;  D)  three  com- 
pounds having  nitraminc  and  nitrate  ester  functions. 
They  may  also  contain  trinitromethyl  orgem-dinitro 
functions;/;’)  ten  nitramidcs,  all  having  present  some 
other  of  the  above  functions;/'*)  nineteen  examples 
having  trinitromethyl  groups.  These  may  have  mono- 
nitro  but  not  /fcw-dinitro  functions;  (!)  nine  trini- 
tromethyl compounds  also  having gcv/i-dinitro  func- 
tions; and  //)  six  examples  having gew-dinilro  groups 
only. 

Fifty  percent  impact  heights  on  a logarithmic  scale 
are  plotted  against  corresponding  OB  [ 00  values  in 
Fig.  1 . If  all  data  points  are  considered  equally,  it  is 
seen  that,  as  might  be  expected,  they  fall  within  a 
rather  broad  band  of  increasing  H5()%  values  with 
decreasing  OBj  U().  Sensitivities  range  from  5 to  16 
cm  at  OB|  oo  = cu  + 3.0,  from  1 1 to  72  cm  at 
OBj oo  a ca  0.0  and  from  53  to  > 320  cm  at  OBj00  = 
cu  - 3.0. 

If  now  we  make  a distinction  between  the  explo- 
sive compounds  based  on  the  nature  of  the  “trigger 
linkage”,  some  further  regularities  begin  to  appear. 
Data  points  for  all  compounds  containing  at  least 
one  N-nitro  grouping  I",  tiicir  structures  (classes  A-l1,' 
in  Table  I,  represented  by  filled  circles  in  Fig.  I ) are 
seen  to  cluster  toward  the  lower  side  of  the  broad 
baud;  data  points  representing  trinitromethyl 
compounds  containing  only  C-nitro  linkages  (classes 
/•’and  (J,  open  circles)  cluster  toward  the  upper  por- 
tion of  the  plot.  Indeed,  if  the  two  categories  are 
considered  separately,  most  of  the  points  can  be 
seen  to  distribute  about  separate  straight  lines  which 
might  be  considered  to  represent  the  hoped-for 
sensitivity-structure  trends. 
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TABLE  1 


Impact  Sensitivity  and  CBI00  of  Selected  Explosives. 


No. 

Compound  Name 

Molecular 

Formula 

CBI00 

^50%’ cm* 

1. 

A,  Nitramines 

methylcnedinitramine  (MEDINA) 

c4h4n4o4 

+ 1.47 

13 

2. 

cthyicncdinitramine  (EDNA) 

C2H6N606 

-1.33 

34 

3. 

RDX 

c3h6n6o6 

0 

24 

4. 

N-mctiiyl  EDNA 

c3h8n4o4 

-3.65 

114 

5. 

HMX 

C4H8N808 

0 

26 

6. 

3-nitraza-l , 5-pcntancdinitraminc 

C4Hl0N6O6 

-2.52 

39 

7. 

3,  6-dinitraza-l,  8-octanedinitramine 

^6^1 4N808 

-3.07 

53 

8. 

Tctryl 

C7HsNj08 

-1.04 

32 

9. 

B.  Nitram.ne  plus  gcm-Dinitro 

3,  3-dinitro-l,  5-pen tanedinitramine 

csHioN808 

-1.42 

35 

10. 

N,  3,  3,  5,  5-pcntanitropipcridine 

CSH6N6Oio 

+ 1.29 

14 

11. 

bis  (2, 2-dinitropropyl)  nitraminc 

c6hI0n6°10 

-0.61 

29 

12. 

bis  (2,  2-dinitrobutyl)  nitraminc 

c3h14n6o10 

-2.82 

80 

13. 

2,  2, 4,  7, 9, 9-hexanitro-4,  7-diazadccane 

c8Hi4n8o,2 

-1.45 

72 

14. 

2,  2,  4,  7,  7,  10,  12,  12-octanitro-4,  7- 

CnHi8Ni0Oi6 

-1.47 

44 

15. 

diazatridccanc 

2,2,  5,7,  7,9,  12,  l2-octanitro4,  7- 

^1iHi8NioOi6 

-1.47 

37 

16. 

diazatridccanc 

C.  Nitramine  plus  Trinitromethyl 
methyl  2,  2,  2-trinilrocthyl  nitraminc 

c3h5n5o8 

+2.09 

9 

17. 

bis  (2,  2,  2-trinitroethyl)  nitramine 

C4H4N80j4 

+4.12 

5 

18. 

2,  2,  2-trinitrocthyl  3,  3,  3-trinitropropyl 

C5H6N80h 

+2.98 

6 

19. 

nitraminc 

N,  N’-bis  (2,  2,  2-trinitrocthyl ) MEDINA 

C5H6N10O1 t 

+3.46 

5 

20. 

N-methyl-N’-trinitroethyl  EDNA 

^5^9^70(0 

+0.30 

11 

21. 

2,  2,  2-trinitroethyl  N-(2,  2,  2-trinitroethyi) 

C6H6N80j6 

+2.69 

9 

22. 

nitraminoacctate 

2,  2,  2-trinitrocthyl  4-nitrazavalerate 

CglfyNjOjo 

-0.97 

35 

23. 

2,  2,  2-trinitrocthyl  3,  3-dinitrobutyl  nitramine 

C8H9N70j2 

+0.81 

20 

24. 

bis  (2,  2,  2-trinitroethyl)  3-nitrazaglutarate 

C8H8N80|g 

+ 1.58 

14 

25. 

l,  1,  1, 3,  6, 9, 1 1,  1 1,  1 1-nonanitro- 

C8H12Ni2018 

+ 1.42 

12 

26. 

3,  6,  9-triazaundccane 

1,  1,  1,  3,  6, 6, 9, 1 1,  1 1,  1 1-decanitro- 

C9H12N12O20 

+1.64 

10 

27, 

3, 9-diazaundccane 

1 , 1 , 1 , 4,  6,  6,  8,  1 1 . 1 1 , 1 1 dccanitro- 

C9H12N12O20 

+ 1.64 

11 

28. 

4,  8-diazaundecane 
bis  (2,  2,  2,-trinitroethyl)  4-nitraza- 

CioHi2Ng018 

0 

29 

29. 

1 , 7-heptanedioatc 

1,  1,  1,3,  6,  9, 12,  14,  14,  1 4-decanltro- 

CioHi6NJ4020 

+0.61 

19 

3, 6, 9,  1 2-tetrazatctradccane 

— 

•25-shot  determination!  on  Type-12  tooli. 
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TABLE  l 


Impact  Sensitivity  and  CB10q  of  Selected  Explosives.  (Continued) 


No. 

Compound  Name 

Molecular 

Formula 

CBtoo 

H50%>  cm* 

30. 

bis  (2, 2,  2-trinitrocthyl)3, 6-dinitraza-l,  8- 
octancdioatc 

C10H12N10°20 

+0.67 

29 

31. 

1,  1,  1,3, 6, 6, 8,  10,  10,  13,  15,  15,  15- 
tridecanitro-3,  8,  13-triazapentadecane 

D.  Nitramine  plus  Nitrate  Ester 

C12H16N16O26 

+ 1.50 

23 

32. 

N-(2,  2,  2-trinitroethyl)  nitraminoethyl  nitrate 

C4H6N6on 

+3.19 

7 

33. 

3-(N(-2,  2, 2-trinitroethyl)nitramino] -propyl 
nitrate 

c5h8n60h 

+ 1.83 

12 

34. 

3,  5,  5-trinitrc-3-azahexyl  nitrate 

E.  Nitramidcs 

C5H9N5O9 

-0.35 

21 

35. 

N-nitro-N-(3,  3,  3-trinitropropyl) 

2,  2,  2-trinitroc  thyl  carbamate 

C6H6N6Ol6 

+2.70 

9 

36. 

2,  2,  2-trinitroethyl  2,  5-dinitrazahexanoate 

C6H9N7O12 

+0.27 

15 

37. 

2,  2,  2-trinitroethyl  2,  5,  5-trinitro- 
2-azahexanoate 

C7H9N7O14 

+0.72 

22 

38. 

2,  2,  2-trinitroethyl  2,  4,  6,  6-tetranitro- 
2, 4-diazapheptanoate 

C7H9N9O16 

+ 1.47 

18 

39. 

N,  N’-dinitro-N,  N’-bis  (3,  3,  3-trini- 
tropropyl)  oxamide 

CgHgNioOis 

+2.26 

9 

40. 

2,  2,  6,  9, 9-pentanitro-4-oxa-5-oxo- 
6-azadecane 

C8Hi2N6012 

-1.56 

47 

41. 

1,  1,  1,  5,  7,  10,  14,  14,  14-nonanitro- 
3,  l2-dioxa-4,  1 l,-dioxo-5,  7,  10-triazatetradecanc 

C9Hl0NnO22 

+ 1.88 

11 

42. 

N,  N’-dinitro-N,  N’-bis  (3, 3-dinitrobutyl)  oxamide 

C10H14N8O14 

-1.28 

37 

43. 

1,  1,  1,  5,  8,  1 1,  14,  18,  18,  18-decanitro-3,  16- 
dioxa-4,  15-dioxo-5,  8,  11,  14-tetrazaoctadecane 

C12H16N14O24 

+0.54 

19 

44. 

N,  N’-dinitro-N,  N’-bis  (3-nitrazabutyl)  oxamide 

F.  Trinitromethyl  Compounds 

CsHuNsOu) 

-2.61 

90 

45. 

2,  2,  2-trinitroethyl  carbamate 

C3H4N4O8 

+ 1.79 

18 

46. 

methyl  2,  2,  2-trinitroethyl  carbonate 

C4H5N3O9 

+ 1.25 

28 

47. 

1,  1,  1, 3-tctranitrobutane 

C4H6N408 

+0.84 

33 

48. 

methylenebis  (2,  2,  2-trinitroacetam.de) 

C5H4N80i4 

+3.50 

9 

49. 

l,  1,  1,  3,  S,  5,  5-heptanitropentane 

C5H5N7O14 

+3.36 

8 

50. 

bis  (2, 2, 2-trinitroethyl)  carbonate 

C5H4N60i5 

+3.60 

16 

51. 

N,  N’-bis  (2,  2, 2-trinitrocthyl)  urea 

C5H^N80j  3 

+2.60 

17 

52. 

5,  5,  5-t;initropentanone-2 

C5H7N3O7 

-1.36 

125 

53. 

2,  2,  2-trinitroethyl  4, 4, 4-trinitrobutyrate 

C6H6N6Oi4 

+2.07 

18 

54. 

ethyl  2,  2,  2-trinitroethyl  carbonate 

C5K7N3O9 

-0.39 

81 

55. 

tris  (2,  2,  2-trinitroethyl)  orthoformate 

C7H7N9O21 

+3.80 

7 

56. 

1,  1,  l,  7,  7,  7-hexanitroheptanone-2 

C7H8N80j  3 

+ 1.04 

34 
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tabu:  i 


impact  Sensitivity  and  CBjqq  of  Selected  Explosives.  (Continued) 


No. 


57. 

58. 
5*;. 
60. 
ft  I . 
()2. 
63. 


64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 


73. 

74. 

75. 

76. 

77. 

78. 


Compound  Name 


nitroisobutyl  4,  4,  4-trinilrobutyrate 

4,  4,  4-trinitrobuiyric  anhydride 

N,  N’-bis  (3,  3,  3-irinilropropyl)  oxamide 

bis  (2,  2,  2-lrinit roctlty I)  sueeinalc 

tet rakis  (2,  2,  2-trinitrocthy I)  orthocurbonatc 

mclhylenebis  (4,  4, 4-trinitrobutyramidc) 

ethylene  bis  (4,  4,  4-trini trobuy rate) 

Ci,  Trinilrometliyl  plus  gcm-Dinitro 
N-(2,  2,  2-trinitroethyl>-3,  3,  5,  5-tet ranitropijxi ridinc 
2,  2,  2-trinit roelhyl  4,  4-dinilrovaleralc 
2,  2-dinilropropyl  4,  4,  4-trinitrobutyramide 
2,  2-dinit robutyl  4,  4,  4-trinitrobutyrate 
2,  2,  2-lrinilroethyl,  4,  4-dinitroliexanoate 
N,  N-his(2, 2-dinitropropyl)  4, 4, 4- 
trinilrobulyramidc 

2,  2-dinitropropanc-1 , 3-diol  bis  (4, 4, 4- 
trinilrobuly  rate ) 

his  (2,  2,  2-trinitrocthyl)  4,  4-dinitruhcptancdioatc 
bis  (2,  2,  2-trinitrocthyl)  4, 4,  6, 65  8,  8- 
hexanitroundccanedioate 

H,  gem-binitro  Compounds 

3,  3,  4,  4,-tctranitrohcxanc 

2,  2,  4,  6,  6-pcntanitroheptanc 
2,  2,  4,  4,  6,  ft-hexanitroheptane 
bis  (2,  2-dinitropropyl)  oxalate 

2,  2-dinitropropyl  4,  4-din itrovalc rate 

3,  3,  9,  9-tctranitro-l . 5,  7,  I l-tetra- 
oxaspiro  [5,5]  uudccanc 


Molecular 

Formula 

<’B100 

**50%-  cm 

QH12N4O10 

-3.09 

279 

CgHgNgO|5 

+0.93 

30 

+0.45 

45 

Cgil8N60i6 

+0.90 

30 

C9llgNi2(>2g 

+3.83 

7 

C9H,2NgO,4 

-0.44 

113 

CioH|()N6°16 

-0.43 

120 

C7HgN60,4 

+ 1.40 

18 

C7H9N5O1  2 

-0.28 

70 

<'7Hl()N60|  1 

-0.57 

72 

C8H,iN50,2 

-1.33 

101 

CgH|iN5()|2 

-1.33 

138 

CloHuNgOis 

-0.82 

72 

CiiH|2Ng02o 

+0.35 

50 

t’l  | H|  2Nb°20 

+0.35 

68 

<^-15**16^12028 

+0.74 

32 

C6H|„N40g 

-2.25 

80 

<-7Hi  1 N5O1 0 

-1.54 

56 

<7**1#N$0|  2 

0 

29 

<'sH  j 0N4O1 2 

-1.70 

227 

CgH|2N4O|0 

-3.09 

>320 

C7HgN4()|  2 

+0.59 

66 

•25-shot  determinations  on  Type- 12  tools. 

To  ascribe  this  apparent  separation  of  the  data 
points  to  differences  in  chemical  structure  in  the 
light  of  the  intrinsic  inexactness  of  the  impact 
machine,  we  should  first  demonstrate  some  independ- 
ent or  a priori  basis  for  the  distinction  between  the 
categories.  For  this  purpose  it  is  first  necessary  to 
consider  the  phenomena  occurring  under  the  impact 
hammer  in  a more  detailed  manner. 

The  impact  explosion  of  a high  explosive  is  not  a 
stable  detonation.  This  can  be  demonstrated  by  com- 


paring damage  to  the  impact  tools  by  primary  and 
secondary  explosives.  The  less  powerful  pritmries, 
which  on  initiation  rapidly  go  over  to  stable  C'-J 
detonations,  do  far  more  severe  damage  than  the 
more  energetic  secondary  explosives.  Further,  while 
products  of  Chapmand ouguet  detonations  of 
C-H-N-0  explosives  arc  primarily  water,  nitrogen  and 
the  carbon  oxides  (5),  analysis  of  products  of  impact 
explosions  show  relatively  large  amounts  of  nitrogen 
oxides  and  simple  organic  molecules  such  as  formal- 
dehyde (6).  This  suggests  that  the  impact  explosion 
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Fig.  1.  50%  impact  /wight  (on  logarithmic  scale) 
plotted  again  Oil U)(j  for  several  classes  of  nitro- 
aliphatic  explosives 

of  a high  explosive  is  a phenomenon  resembling  more 
closely  a relatively  low  temperature  thermal  decom- 
position than  a detonation.  It  further  suggests  that 
reaction  kinetics,  which  do  not  affect  the  velocities 
of  stable  detonations  (7),  may  play  an  important  role 
under  the  impact  hammer. 

Groups  working  with  Bowden  (8)  and  Ubbclohde 
(9)  have  devoted  considerable  attention  to  the  mech- 
anism of  initiation  of  explosion  by  impact.  Bowden 
has  proposed  that  initiations  stem  from  hot  spots  in 
the  explosive  mass  formed  by  a number  of  possible 
routes  including  adiab  die  compression  of  entrapped 
gases,  viscous  heating  and  frictional  heating.  He  has 
concluded  that  to  cause  fires  in  pentacrythrito! 
tetranitrate  and  nitroglycerine  these  hot  spots  must 
reach  temperatures  of  at  least  430-500°C. 

The  birth  of  hot  spots  and  their  development  into 
explosions  may  be  governed  by  a wide  variety  of 
physical  and  chemical  properties.  In  addition  to  lire 
kinetics  of  the  initial  thermal  decomposition  reaction, 
these  may  include:  a ) the  iieat  evolved  in  the  decom- 
position reaction,  b)  the  heat  capacity , c)  thermal 
conductivity,  and  d)  latent  iieats  of  fusion  and  eva- 
poration of  the  explosive,  e)  crystal  hardness,/)  crys- 
tal shape,  etc.  In  the  case  of  liquids,  surface  tension, 
vapor  pressure,  and  dissolved  gases  may  also  play  a 
part. 


By  limiting  the  correlations  to  solid  explosives,  and 
by  proper  design  of  the  impact  experiment,  the  contri- 
butions of  several  of  these  properties  to  sensitivity 
may  be  minimized.  Thus,  resting  the  samples  on  flint 
paper  submerges  the  effects  of  crystal  hardness  and 
crystal  shape.  The  formation  of  hot  spots  is  gov- 
erned more  by  the  physical  properties  of  the  sand- 
paper than  by  those  of  the  explosive,  and  sensitivity 
differences  between  polymorphs,  which  arc  discern- 
able  on  bare  tools,  can  often  no  longer  be  observed. 

Other  properties  such  as  ( b ),  (c),  and  (d)  may 
differ  from  explosive  to  explosive,  but  if  considera- 
tion is  limited  to  organic  compounds  the  range  of 
variation  is  small.  The  variation  in  heat  evolved  is 
also  relatively  small  among  organic  explosives.  The 
range  0.3  to  1 .6  Kcal/g  covers  thcmial  decomposi- 
tions, low  order  explosions,  and  full-scale  stable  det- 
onations. 

Parameters  governing  rates  of  thermal  decomposi- 
tion, however,  arc  subject  to  far  greater  variation 
among  the  types  of  compounds  being  considered. 
Activation  energies  ranging  from  20  to  SO  Kcal/molc 
and  pre-exponential  factors,  from  1012  to  I020 
sec-1  have  been  reported.  It  would  seem,  therefore, 
that,  while  the  part  played  by  the  other  properties 
may  not  be  ignored,  the  most  likely  correlations  with 
impact  sensitivity  would  necessarily  depend  on  chem- 
ical reactivity  in  the  classical  sense. 

This  view  has  been  corroborated  in  a convincing 
manner  by  Wenograd’s  ( 10)  experimental  measure- 
ments of  initiation  delays  ir.  thermal  explosions  in 
the  260  to  1 100°C  range,  lie  found  that  the  tem- 
perature at  which  an  explosion  would  occur  within 
a time  comparable  to  the  interval  available  under  the 
impact  hammer  (250  /usee)  varied  greatly  among  ex- 
plosives. He  then  demonstrated  a monotonic  varia- 
tion of  these  “critical  temperatures”  with  measured 
impact  sensitivities  for  a variety  of  explosives,  sug- 
gesting that  he  had,  In  effect,  simulated  an  impact 
experiment  by  a non-mechanical  rate  measurement. 

With  the  above  as  background,  we  may  now  con- 
sider whether  the  separation  of  the  open  and  filled 
data  points  in  Fig.  1 is  tire  result  of  some  fundamental 
difference  between  the  two  classes  of  compounds 
being  considered  or  whether  simply  an  accidental 
consequence  of  the  inexactness  of  the  measurement 
technique,  in  an  earlier  report  on  this  subject  (11), 
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we  proposed  a “trigger  linkage”  hypothesis,  suggest- 
ing that  the  fundamental  difference  was  in  the  fact 
that  the  nitrogen-nitrogen  bonds  in  nitramine  com- 
pounds were  intrinsically  weaker  than  carbon- 
nitrogen  bonds  in  trinitromethyl  derivatives.  We 
believed  that  thermal  decompositions  of  both  classes 
of  compounds  followed  similar  rate  laws,  and  that 
rate-controlling  steps  involved  thermolytic  cleavage 
of  weakest  or  “trigger”  linkages.  This  rationale 
would  require  that  activation  energies  for  thermal 
decompositions  should  be  lower,  and  rates  more 
rapid  for  N-nitro  than  for  C-nitro  compounds. 

More  recent  kinetic  results  by  several  groups  of 
Russian  workers  now  lead  us  to  consider  that  this 
earlier  view  was  overly  simplistic.  Pertinent  data  are 
summarized  in  Table  2 in  the  form  of  Arrhenius  para- 
meters for  first  order  thermal  decomposition  reactions 
of  some  trinitromethyl  compounds  and  some 
nitramines.  It  may  be  seen  that  activation  energies 
are  of  similar  magnitudes  for  both  classes  of  com- 
pounds and  that,  if  any  conclusion  were  to  be  drawn 
from  comparison  of  Arrhenius  parameters  for  the 
first  order  processes,  it  would  be  that  thermal  decom- 
positions of  the  C-nitro  compounds  should  be  more 
rapid  because  of  generally  higher  pre-exponential 
factors. 

The  same  reports  do,  however,  provide  experi- 
mental  evidence  to  support  an  alternative,  somewhat 
modified  “trigger  linkage”  rationale  (12-15).  Nazin, 
Manelis  and  coworkers  have  shown  that  thermal  de- 


compositions of  most  aliphatic  C-nitro  compounds 
proceed  by  radical,  non-chain  mechanisms  in  which 
the  rate-controlling  steps  are  the  initial  thcrmolyscs 
ofC-N  bonds  (16,  17).  There  is  only  minor  auto- 
catalysis by  NO^  or  other  product  species,  and  usual 
rate  experiments  follow  nicely  uncomplicated  first- 
order  kinetics  to  greater  than  70%  completion,  with 
no  dependence  of  k on  mass/volume  (m/V)  ratios. 

In  marked  contrast,  the  N-nitro  derivatives  follow 
first-order  kinetics  only  during  the  first  few  percent 
of  reaction.  Typical  rate  curves  are  S-shaped,  indica- 
ting strong  autocatalysis,  which  Dubovitskii  and  co- 
workers show  is  by  the  NO2  generated  in  the  first 
bond-breakings  (14,  18).  Along  similar  lines, 
Oarnoilenko  and  coworkers  (1 5)  have  shown  that 
when  the  liquid  phase  thermal  decomposition  of  di- 
(2-nitroxyethyl)  nitramine  is  carried  out  in  open 
reaction  vessels,  or  at  low  values  of  m/V,  the  reaction 
takes  place  without  autocatalysis  and  obeys  first- 
order  kinetics.  At  higher  m/V  ratios,  however,  strong 
autocatalytic  effects  are  observed,  leading  to  a 
roughly  hundred-fold  increase  in  rate,  a decrease  in 
activation  energy  from  45  to  32  Kcal/mole,  and  an 
increase  in  the  heat  of  reaction  by  about  5 ()%. 

On  this  basis,  N-nitro  bonds  may  be  regarded  as 
“trigger  linkages”,  not  because  they  are  intrinsically 
weaker  than  C-nitro  bonds,  but  because  they  provide 
alternative  autocatalytic  routes  in  thermal  decompo- 
sition processes,  which  lead  to  manyfold  rate  accel- 
erations, which  are  not  usually  observed  with  C-nitro 


TABLE  2 


Kinetic  Parameters  for  First-Order  Thermal  Decomposition  Reactions  of 
N-Nitro  and  C-Nitro  Compounds  in  Gas  and  Liquid  Phases 


Compound 

Phase 

AES 

Kcal/mole 

log  A, 

(A,  sec-1 ) 

Ref. 

trinitrome  thane 

gas 

41.9 

15.40 

mm 

fluorotrinitromc  thane 

gas 

42.4 

15.94 

1,1,  1-trinitroe  thane 

gas 

43.2 

17.18 

12 

1,1,  1-trinitroe  thane 

liq. 

42.6 

16.93 

13 

1,1,  1-trinitropropanc 

gas 

42.3 

16.86 

12 

1,1,  1-trinitrobutane 

gas 

43.6 

17.70 

12 

diethylinitramine 

gas 

41.6 

15.1 

14 

N-nitropipcridine 

gas 

42.1 

14.8 

14 

di  (2-nitroxycthyl)  nitramine 

liq. 

45.0 

18.67 

15 

1 
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compounds  (17),  and  which  should  be  quite  impor- 
tant in  the  confined  conditions  under  the  impact 
hammer. 

It  is  significant  dial  among  the  compounds  in 
Table  1 , there  arc  a number  wliich  contain  as  many 
as  six  C-NO2,  but  which  nevertheless  fall  into  the 
N-NO2  family  of  explosives  insofar  as  their  impact 
sensitivity  behavior  is  concerned.  One  may  conjec- 
ture that  diese  materials  begin  to  decompose  under 
the  impact  hammer  by  thermolysis  of  C-N  bonds,  but 
that  the  NO2  formed  in  these  primary  steps  serves  to 
accelerate  reactions  at  or  near  N-N  sites,  so  that  the 
nature  of  the  rate  controlling  step  changes  and  the 
overall  process  goes  over  rapidly  to  the  autocatalylic 
decomposition  mechanism  characteristic  of  N-nitro 
derivatives. 

An  alternative  explanation,  which  has  been  ad- 
vanced to  account  for  the  separation  into  families  of 
the  data  points  in  Fig.  1,  deserves  some  discussion. 
N-nitro  compounds  generally  have  more  favorable 
(more  endothermic)  heats  of  formation  than  C-nitro 
compounds  at  equal  values  of  OB]  qq,  and  hence  are 
more  energetic.  The  rationale,  according  to  this  line 
of  reasoning,  is  that  the  lower  50%  impact  heights  of 
the  N-NO2  derivatives  are  a consequence  of  the 
higher  heats  of  reaction  in  the  thermal  explosions 
under  the  impact  hammer.  To  assesses  this  possibility, 
it  is  instructive  to  compare  impact  sensitivities,  values 
of  OB]  00,  and  calculated  heats  of  detonation  (es- 
timated according  to  the  H2O-CO-CO2  “arbitrary”) 
(19)  for  pairs  of  compounds  which  arc  structurally 
identical  with  the  exception  that  in  each  ease  a 
-C(N02)2  group  replaces  an  -N(N02)-group.  The 
data  arc  assembled  in  Tabic  3,  where  it  is  seen  that 
in  both  instances  the  N-N02  compound  has  a more 
negative  value  of  OB]00  and  a lower  calculated  heat 
of  detonation,  but  is  still  more  sensitive. 

it  should  be  kept  in  mind,  however,  that  products 
and  heats  of  thermal  explosions  do  not  necessarily 
coincide  with  products  and  heats  of  detonations,  and 
that  Samoilenko  and  coworkers  (15)  have  reported 
an  appreciable  increase  in  heat  of  reaction  in  going 
from  noncataiyzcd  to  autocatalyzcd  thermal  decom- 
position of  bis  (2-nitroxyethyl)  nitraminc.  On  this 
basis,  lugher  heats  of  reaction  may  indeed  contribute 
to  the  greater  sensitivities  of  the  nitramines,  although 
it  is  very  unlikely  that  they  are  the  dominant  effect. 


Having  satisfied  ourselves  that  there  is  some  mean- 
ingful kinetic  basis  for  the  separation  of  the  explo- 
sives in  Table  I and  Fig.  I into  the  categories  indicated, 
we  may  now  return  to  the  rough  linear  relationships 
that  appear  to  exist  between  log  1150%  and  OB,  00 
within  each  family.  In  order  that  these  relationships 
may  be  used  to  describe  sensitivity-structure  trends, 
rather  than  to  imply  that  correlations  based  on  such 
inexact  measurements  are  quantitative,  the  data  have 
been  subjected  to  least  squares  regression  analysis. 

For  the  forty  live  N-NO2  compounds  (classes  A-ii 
in  Table  1),  the  sensitivity-structure  trend  is  described 
by  the  regression  equation, 

logh50%  = 1.372  - 0.1681  OBj00,  (2) 

with  r (the  correlation  coefficient)  = 0.950  and  sd 
(the  standard  deviation)  = 0.105  log  units,  corre- 
sponding to  an  sd  of  26%  in  impact  height. 

For  the  twenty  eight  C(NC>2)3  compounds  (classes 
F and  G in  Table  1)  the  least  squares  linear  regression 
equation  is, 

Iogh50%  = 1.753  - 0.233  OB,  00,  (3) 

with  r = 0.968  and  sd  = 0. 106  log  units,  correspond- 
ing to  a 27%  sd  in  impact  height.  Drop  height  settings 
on  the  impact  machine  are  at  0.100  log  unit  intervals, 
so  that  the  sd  in  both  instances  corresponds  to  a ± 
one  level  uncertainty  in  impact  sensitivities. 

Sensitivities  of  gem-Dinitru  Compounds.  With  the 
sensitivity-structure  trends  for  the  N-nitro  and  C- 
trinitro  families  of  explosives  to  provide  a framework 
of  reference,  it  becomes  instructive  to  examine  varia- 
tion of  impact  sensitivity  with  structure  for  other 
classes  of  compounds,  it  has  been  mentioned  (Table 
2)  that  Nazin  and  ManeJis  reported  activation  energies 
of  42-44  Kcal/molc  for  the  first  order  thermal  decom- 
positions of  a number  of  R-C(NC>2)3  compounds  (12). 
These  same  workers  have  also  shown  that  geminal- 
dinitro  compounds,  R-C’(N02)2-R’.  follow  similar 
first  order  kinetics  in  their  thermal  decompositions, 

( 1 7)  with  activation  energies  in  the  range  47. 1-50.5 
Kcal/molc,  (12,  20)  i.e.,  ca  6 Kcal/molc  lugher  than 
for  trinitromethyl  derivatives.  In  the  light  of  these 
findings,  the  "trigger  linkage”  concept  would  require 
that  50%  impact  heights  be  significantly  higher  for 
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tabu:  j 


Impact  Sensitivities  and  Calculated  Heats  of  Detonation  of  Some 
Nitroaliphatic  Explosives 


Number 

Explosive 

OB,  00 

Heal  of  Detonation 
(cal/g* ) 

Hso% 

(cm) 

66 

CH3C(N02  )2CH2CH2CCX)CH2C(N02)3 

1 ,035 

70 

23 

Cl  l3N(N02  )C1  l2Cll2COOCl  l2C(N02)3 

970 

35 

72 

|C(No2)3ch2(x:oc:h2cii2)2c(No2)2 

1,115 

68 

29 

|C(N02)3CH20C0CH2CH2J2N-N02 

1,065 

29 

* Calculated  according  lo  the  II2O-CO-CO2  arbitrary  assumption  of  detonation  product  composition.  (19) 


-C(N02)2-conipouiids  Ilian  for-C(N02)3  derivatives 
at  similar  values  of  013 1 op. 

Data  for  six^tw-dinilro  compounds  arc  included 
in  Table  1 (subclass  ll)  and  plotted  as  crosses  in  Fig. 

1 . ll  is  seen  that  three  data  points  (compounds  77-79) 
fall  well  above  the  sensitivity-structure  trend  for 
tririitromcthyl  explosives,  and  three  (74-76)  fall  well 
below.  We  can  readily  rationalize  these  results  in 
terms  of  steric  effects. 

Compounds  77-79,  which  have  their ^cvn-dinilro 
groups  in  relatively  uncrowded  situations,  show  the 
higher  50%  impact  heights  than  the  trinilromelhyl 
compounds,  and  there  is  good  reason  to  believe  that 
this  represents  normal  behavior  for  -C(N()2 ^-deriva- 
tives^! ).  The  three  more  sensitive #t7/r-dinitro  com- 
pounds, 74-76,  on  the  other  hand,  all  have  -C(NQ2)2* 
funclions  adjacent  to,  or  one  carbon  atom  removed 
from,  other  (.’(NO2 )2-or-CI l(N02)-groupings. 
Examination  of  molecular  models  show  that  struc- 
tures of  the  latter  types  of  storieally  rather  con- 
strained, with  many  rotational  modes  of  freedom 
"frozen  out”  (22). 

To  ascertain  whether  such  steric  effects  arc  general, 
we  re-examined  the  data  for  the  trinitromethyl  ex- 
plosives and  found  two  C(N02)3CH2CH(N02>-  and 
two  -C'(N02)2CH2C(N02)2-examples  (compounds 
48,  50,  65,  67).  Thc  data  points  for  these  compounds 
are  indicated  in  I .g,  1,  and  it  is  seen  that  h 5 0 % values 
in  all  four  instances  are  lower  than  predicted  by  the 
sensitivity-structure  trend  for  •C(N()2  )3  compounds. 
On  this  basis,  we  suggest  that  -C(N02)2C(N02)2-, 


-C(N02  )2CH2(:(N02)2-,and-C(N02)2CIl2Cli(N02)- 
slructural  moieties  are  seats  of  thcrmolytic  instability 
(and  hence  increased  impact  sensitivity)  relative  lo 
less  crowded  combinations  of  polynitroaliphnlie 
linkages  (23). 

Additional  fragmentary  evidence  is  available  to 
support  this  view.  The  normal  surveillance  tempera- 
ture at  which  we  assess  the  thermal  stability  of 
polynilroaliphalie  explosives  in  our  Center  is  I00°C; 
most  material  of  this  class  evolve  less  than  2.0  cc  of 
gas  per  gram  in  48  hours  at  this  temperature.  For 
comparison,  1,1,  1 , 3,  5,  5, 5-heptanitropcnlaue 
evolves  6.1  cc  gas  per  gram  in  48  hours  at  9()°C  (23). 

Also,  Nazin  and  Manelis  (12,  24)  have  reported 
that  uncrowded  R-C(N()2)2F'  derivatives  have  activa- 
tion energies  for  thermal  decomposition  in  the  same 
range  as  other  R-CfNt^h-K1  derivatives,  /.  <*.,  ca 
47.5  Kcal/mole,  but  with  (;C(N02 )2C(N02)2l'  the 
Ne,*  goes  down  to  42.2  Kcal/mole  and  with 
C{N02)3C(N02)2F  it  goes  down  to  36.5  Kcal/mole. 
These  results  serve  as  part  of  a self-consistent  picture 
wherein  increased  steric  crowding  leads  to  lowered 
activation  energies  in  thermal  decomposition  reactions 
which,  in  turn,  lead  to  decreased  50%  impact  heights. 

In  contradistinction  to  the  behavior  of  the  C-nilro 
explosives,  the  one  example  containing  any  of  the 
above  structural  features,  wliich  we  could  find  among 
thc  nitramines  (compound  10),  falls  almost  directly 
on  thc  sensitivity-structure  trend  line  for  N-nitro 
compounds.  This  implies  tnat,  although  steric 
crowding  may  indeed  sensitize  the  C-nitro  linkages, 
thc  N-nitro  bond  remains  the  "trigger  linkage”. 
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EXPERIMENTAL  SECTION 


The  impact  Test 

The  impact  tools  (type  12)  consist  of  a 3.50  inch 
long  striker  and  a 1 .25  inch  long  anvil  machined  to 
1 .25  inches  diameter  from  “Kotos”  tool  steel  and 
hardened  to  Rockwell  C-60-63.  The  contacting  sur- 
faces are  polished.  When,  after  successive  repoiishing, 
the  length  of  the  striker  falls  below  3.47  inches  it  is 
discarded. 

A conical  heap,  comprising  about  35  mg  of  the 
granular  explosive,  is  centered  on  the  anvil  on  a piece 
of  5/0  Hint  paper.  The  flat  surface  of  the  striker  is 
rested  on  the  sample  through  a closely  fitted  guide 
ring.  The  striker  is  then  hit  by  a 2.50  Kg  weight 
dropped  from  heights  which  arc  varied  according  to 
the  “up-down”  experimental  design  described  by 
Dixon  and  Massey  (25).  This  design  permits  the 
calculation  of  a height  from  which  drops  will  cause 
explosions  50%  of  the  time. 

The  impact  sensitivities  reported  in  Tabic  1 arc 
50%  heights  as  generally  determined  from  twenty 
five  shot  sequences.  A microphone-actuated  noise- 
meter,  set  to  record  sounds  louder  than  a preset 
intensity,  decides  whether  a given  shot  lias  resulted 
in  an  explosion.  The  noisemetor  is  calibrated  at  that 
value  which  will  cause  TNT  to  have  a 50%;  height  of 
160  cm. 

Materials 

Most  of  the  explosives  in  Table  1 were  prepared 
at  the-  Naval  Surface  Weapons  Center,  White  Oal; 
Laboratory  (formerly  the  Naval  Ordnance  Laboratory) 
under  a Properties  of  Explosives  Task,  or  at  Aerojet 
General  Corporation,  Rockctdync  Corporation,  and 
the  U,  S.  Rubber  Company  under  ONR  Power  Branch 
contracts  during  the  period  1950-1960.  They  were 
purified  by  conventional  methods  to  meet  conven- 
tional journal  standards  of  purity.  The  physical  pro- 
perties and  methods  of  preparation  of  many  of  these  are 
included  in  an  excellent  1964  review  article  (26). 
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The  initiation  oflow  order  explosive  reactions  by  projectile  impact  has  been 
investigated  in  confined  composition  B,  octo],  and  PBX  9404  charges.  All  three 
explosives  are  subject  to  such  reactions,  but  the  degree  of  confinement  which  is 
required  is  greater  for  composition  B than  it  is  for  PBX  9404  or  octol.  The  onset 
of  explosion  as  projectile  velocity  is  increased  is  quite  abrupt.  Jo  understand  the 
phenomenon,  we  have  measured  pressure  time  histories  in  charges  undergoing  low 
order  initiation.  The  records  show  that  pressure  rises  in  an  approximately  expon- 
ential fashion,  but  there  is  evidence  for  an  abrupt  transition  to  a more  rapid  rate  at 
about  60  MPa  in  composition  B.  We  liave  also  performed  calculations  to  determine 
the  relative  importance  of  plastic  work  and  shock  heating  in  the  initiation  oflow 
order  reactions.  Plastic  work  is  favored  relative  to  shock  by  tldck  casings,  low 
velocity,  and  small  diameter. 


INTRODUCTION 

When  a projectile  impacts  on  a bare  explosive 
charge,  one  normally  observes  either  that  the  charge 
detonates  or  that  it  is  scattered  and  the  result  is 
recorded  as  no  reaction.  The  same  is  true  for  charges 
which  are  confined  on  the  front  (impacted)  face  but 
arc  unconfined  elsewhere.  In  this  situation  Dewey 
and  Slade  (1 ),  and  Brown  and  Whitbread  (2), 
demonstrated  that  the  mechanism  of  initiation  is 
shock  initiation.  The  projectile  generates  a strong 
shock  in  the  explosive,  which  causes  reaction  to  take 
place,  which  feeds  energy  into  the  shock  and 
accelerates  the  shock  towards  detonation,  The 
process  is  very  rapid  and  detonation  generally  occurs 
before  the  shock  has  propagated  more  than  two  or 
three  projectile  diameters  or,  in  most  cases,  in  less 
then  10  usee.  Confinement  has  no  effect  on  the 
results  except  for  conditioning  the  shock  which 
reaches  the  explosive. 

On  the  other  hand,  when  a projectile  impacts  on  a 
fully  confined  explosive  charge,  a variety  of  results 


arc  possible.  Sometimes  explosions  which  are  quite 
violent,  but  clearly  not  detonations,  arc  observed.  As 
will  be  demonstrated  here,  the  time  to  explosion  in 
these  situations  can  be  hundreds  of  microseconds  and 
confinement  can  have  a marked  effect  on  the  results. 
Such  reactions  can  be  quite  important  when  one 
considers  problems  of  explosive  safety  and  handling, 
but  there  are  few  systematic  studies  of  the  phenome- 
non and  little  understanding  of  the  factors  which 
control  the  violence  of  the  reaction.  In  this  paper  we 
will  discuss  some  preliminary  work  which  we  have 
done  in  this  area. 


SHOCK  INITIATION 

It  will  be  useful  to  compare  the  conditions 
required  for  low  order  explosions  with  those  required 
for  shock  initiation  to  detonation.  Glttings(3) 
demonstrated  that  the  minimum  shock  pressure 
which  will  just  cause  detonation  is  dependent  on  the 
duration  of  the  shock  pressure.  Walker  and  Wasley 
(4)  expressed  this  relationship  In  the  form  of  a 
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critical  energy  criterion.  This  criterion  states  that 
there  is  a critical  energy  per  unit  area  which  must  be 
delivered  to  the  explosive  to  obtain  detonation.  It 
may  be  expressed  in  the  form  Put  = constant  or 
p2t/poU  = constant,  where  P is  shock  pressure,  u is 
the  particle  velocity  behind  the  shock  in  the  explo- 
sive, t is  the  duration  of  the  shock  pressure,  po  is  the 
initial  explosive  density,  and  U is  the  shock  velocity 
in  the  explosive.  In  a separate  paper  in  this 
symposium,  we  (Howe,  Frey,  Taylor,  and  Boyle) 
make  some  comments  about  the  critical  energy 
criterion  and  note  that  a P2t  criterion  may  be 
better.  In  this  paper  we  will  use  the  criterion  in  the 
form  stated  by  Walker  and  Waslcy. 

Under  projectile  impact  conditions,  the  duration, 
t,  of  the  shock  pressure  is  generally  controlled  by 
rarefactions  coming  from  the  periphery  of  the  pro- 
jectile. We  shall  demonstrate  that  the  critical  energy 
criterion  in  the  Put  form  can  be  used  to  predict  the 
results  of  experiments.  We  have  demonstrated  this 
by  analyzing  some  old  data  due  to  Dewey  and  Slade 
(1).  This  data  gives  the  50%  velocity  for  initiation  of 
composition  B and  tctryl  targets,  both  bare  and 
covered  by  steel  plates,  when  impacted  end  on  by 
right  circular  cylinders  of  steel.  The  covered  turgets 
were  unconfincd  except  for  the  cover  plate  on  the 
impacted  surface.  We  have  evaluated  the  quantity 
Put  at  the  50%  velocity  for  each  case.  P and  u were 
determined  by  Hugoniot  calculations;  t was 
determined  as  the  time  for  a rarefaction  to  propagate 
from  the  periphery  of  the  projectile  to  a point  at  the 
explosive  metal  interface  lying  along  the  axis  of  the 
projectile.  For  the  bare  charges,  t was  computed 
using  the  sound  speed  in  the  metal  computed  by 
Jacobs’  formula  (5),  as  follows; 

_ (U  - uXU  + u s) 


where  c is  the  sound  speed,  U is  the  shock  velocity,  u 
is  the  particle  velocity  and  s is  a Hugoniot  parameter 
determined  by  the  relation, 

U-a+su 

To  evaluate  t for  the  cased  charges  it  was  necessary 
to  consider  the  particle  velocity  in  the  casing  und  the 
reflected  wave  coming  back  from  the  casing  explosive 
interface.  A sketch  illustrating  the  velocities  which 
must  be  considered  is  shown  in  Figure  1 , In  this 
sketch,  the  point  A is  a point  on  the  periphery  of  the 


EXPLOSIVE 


Fig.  1.  Velocities  to  be  considered  in  the  propagation 
of  a rarefaction  from  Point  A to  Point  B are  shown 
schematically. 


projectile  and  B is  the  point  on  the  axis  of  the  pro- 
jectile where  Put  is  to  be  evaluated;  Uj  is  the  initial 
particle  velocity  at  the  projectile  casing  Interface;  Uj 
is  the  particle  velocity  in  the  casing  after  a rare- 
faction Is  reflected  back  from  the  explosive-easing 
interface;  c is  the  sound  velocity  in  the  casing;  t|  is 
the  shock  transit  time  across  the  casing;  t|  is  the  time 
at  wlii eh  the  rarefaction  reflected  from  the  explosive 
casing  interface  reaches  the  advancing  rarefaction 
wave,  and  t is  the  time  for  the  rarefaction  to  reach 
point  B.  The  equations  for  evaluating  t are  the 
following: 

Uj  t j + U2O  - tj)  + ct  sin  0 ~ y + U2(t  - t j ) 
ct  cos  0 = r 

Uj  tj  + t|  c sin  0 + (c  - UjX‘i  - tj)  = y 

*Thc  critical  energy,  Put,  is  shown  in  Tables  1 and  2 
for  the  tctryl  and  composition  B experiments.  The 
values  are  reasonably  constant,  and  this  demonstrates 
that  the  criterion  can  be  applied  to  impuct  experi- 
ments. We  should  note  that  the  function  Put  is  a 
strong  function  of  impact  velocity,  so  a small  error  in 
velocity  can  make  a larger  error  in  the  critical  energy. 


*S«e  comment  on  last  page. 
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TABLE  1 


Critical  Energies  in  Cal j cm2  Calculated  from 
Projectile  Impact  Data  on  Tetryl 


Projectile 

Diameter, 

cm 

Cover  Plate  Thickness,  cm 

0 

0.15 

0.27 

0.64 

0.78 

0.76 

26.6 

31.0 

31.4 

1.27 

27.4 

30.4 

30.4 

31.4 

33.7 

1.49 

25.4 

0.32  (brass) 

25.4 

tabu:  2 


Critical  Energies  in  Cal/cm2  Calculated  from 
Projectile  Impact  Data  on  Comp  B 


Projectile 
Diameter,  cm 

Cover  Plate  Thickness,  cm 

0 

0.15 

0.27 

0.64 

156 

1.27 

137 

144 

143 

1.49 

145 

This  information  can  be  used  in  a crude,  but 
simple  procedure  for  comparing  the  vulnerability  of 
an  explosive  to  detonation  and  to  low  order  explo- 
sions. For  any  target,  the  procedure  is  to  compute 
the  projectile  striking  velocity  which  will  produce  a 
residual  velocity  at  the  surface  of  the  explosive  just 
capable  of  initiating  detonation  in  bare  explosive. 

For  brevity,  we  will  refer  to  the  velocities  computed 
in  this  way  as  predictions,  although  in  fact  they  have 
little  predictive  value.  From  the  preceding  paragraph, 
we  can  see  that  the  predicted  velocity  should  be  lower 
than  the  velocity  required  for  detonation.  We  shall 
see  that  it  is  greater  than  the  velocity  required  for 
low  order  explosions.  The  velocity  difference  between 
the  low  order  explosion  point  (to  be  defined  later) 
and  the  predicted  velocity  is  a crude  measure  of  the 
susceptibility  of  an  explosive  to  low  order  reactions. 

If  the  difference  is  large,  it  implies  that  the  explosive 
is  much  more  susceptible  to  low  order  explosions  than 
to  detonation. 


In  this  paper  the  calculation  of  residual  velocity 
was  made  using  the  equations  from  Project  Thor  (6). 
The  velocity  required  to  initiate  bare  explosive 
depends  on  fragment  shape  and  size.  In  determining 
the  velocity  required  to  initiate  bare  explosive,  we 
used  the  initial  projectile  shape.  For  size,  we  had  a 
choice  of  using  cither  the  initial  mass  or  the  residual 


Using  the  critical  energy  criterion,  one  can  deter- 
mine how  the  projectile  velocity  necessary  to 
achieve  detonation  varies  as  a function  of  casing  thick- 
ness. Figure  2 is  a plot  of  Dewey  and  Slade’s  data  for 
steel  cylinders,  1 .27  centimeters  in  diameter,  impact- 
ing tetryl  charges  which  were  protected  with  steel 
plates  of  varying  thickness.  On  the  same  figure  we 
have  plotted  the  striking  velocity  necessary  to  have  a 
constant  residual  projectile  velocity  after  perforating 
the  steel  layer.  For  this  purpose  we  assume  that  the 
projectiles  were  cylinders  with  a length  to  diameter 
ratio  of  one.  The  figure  demonstrates  that  the  ability 
of  tire  casing  to  protect  against  the  initiation  of 
detonation  is  much  greater  than  its  ability  to  protect 
against  penetration.  This  will  always  be  true  for  pro- 
jectiles whose  length  to  diameter  ratio  is  about  one  or 
for  projectiles  which  impact  with  their  long  axis 
parallel  to  the  direction  of  motion.  This  statement 
assumes  that  the  casing  is  in  direct  contact  with  the 
explosive. 


VELOCITY  I M/SEC | 


Fig.  2.  The  impact  velocity  required  for  detonation 
and  the  impact  velocity  required  to  maintain  a 
constant  residual  velocity  are  shown  as  a function  of 
case  thickness.  The  explosive  is  tetryl,  and  the 
projectile  is  1.27  cm  long  and  1.27  cm  in  diameter. 
The  case  and  the  projectile  are  steel. 
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mass  after  perforating  the  confinement  on  the  charge. 
We  did  the  calculations  in  both  ways  and  present 
both  results.  To  obtain  values  for  the  velocity 
required  to  initiate  bare  explosive  we  used  Dewey 
and  Slade’s  data  for  composition  Band  conducted 
our  own  firings  on  PBX  9404  and  octol.  Our  firings 
were  consistent  with  a critical  energy  of  1 6 cal/cm2 
for  PBX  9404  of  density  1 .83  and  145  cal/cm2  for 
octol  of  density  1 .81 . 


LOW  ORDER  EXPLOSIONS 

In  this  section  we  present  the  results  of  some 
impact  experiments  involving  composition  B,  octol, 
and  PBX  9404  explosives.  The  targets  were  all  right 
circular  cylinders  of  aluminum  with  either  steel  or 
aluminum  plates  on  the  front  (impacted)  end  and 
steel  plates  on  rear  end.  The  cylinders  were  10 
centimeters  in  diameter  and  were  constructed  of  0.23 
centimeter  thick  aluminum.  The  length  was  varied 
from  10  to  20  centimeters.  The  targets  were  held 
together  with  four  bolts,  0.64  centimeters  in  diameter. 
The  projectiles  were  steel  cubes  which  hit  the  target 
in  a flat,  or  noarly  flat,  orientation. 

In  assessing  the  damage  to  the  target,  we  found 
that  there  was  a transition  from  essentially  no  reac- 
tion to  a violent  explosion  over  a fairly  narrow  range 
of  velocities.  Consequently , we  were  led  to  define  a 
low  order  explosion  limit  velocity,  which  is  the 
velocity  at  which  low  order  explosions  begin  to  occur. 
The  exact  definition  of  a low  order  explosion  is 
arbitrary,  but  the  limit  velocity  is  only  weakly 
dependent  on  the  exact  definition.  In  our  tests  we 
considered  tire  result  to  be  an  explosion  If  we 
fragmented  the  side  confinement  into  three  or  more 
pieces. 

Results  for  PBX  9404,  octol,  and  composition  B 
targets  are  shown  in  Figures  3, 4,  5,  respectively.  In 
the  figures,  tire  low  order  limit  velocity  is  plotted  as  a 
function  of  projectile  mass  and  compared  to  the  pre- 
dictions which  were  described  earlier.  The  figures 
show  that  PBX  9404  is  exceptionally  vulnerable  to 
low  order  explosions.  Octol  is  leu  so,  and  with 
composition  B a velocity  close  to  the  predicted 
number  is  required.  The  observed  reactions  above 
the  low  order  limit  were  probably  not  detonations, 
but  there  were  very  violent  nevertheless.  The  casing 
of  the  target  was  fragmented  into  small  pieces.  Some 
of  the  tests  were  conducted  in  an  enclosed  chamber, 


and  in  these  tests  we  were  able  to  verify  that  little  or 
no  explosive  remained  unburned.  In  some  of  the 
tests  we  measured  the  time  interval  from  the  moment 
of  impact  until  the  case  expanded  0.64  centimeters. 
This  time  varied  from  140  to  200  usee.  This  is  more 
than  enough  time  for  several  shock  reverberations  in 
the  charge  and  indicates  that  the  mcclianism  is  not 
shock  initiation  in  the  usual  sense. 

As  has  already  been  mentioned,  the  transition 
from  no  reaction  to  a violent  explosion  was  quite 
abrupt.  For  instance,  with  the  composition  B target 
a 19.5  gram  fragnent  at  1830  in/scc  initiated  a 
reaction  which  was  just  violent  enough  to  blow  the 
front  plate  of  the  charge.  At  2000  m/sec  the  sleeve 
was  fragmented  into  small  pieces  and  a casual 
observer  might  have  thought  that  a detonation  liad 
occurred.  In  all  tests,  the  transition  from  essentially 
no  reaction  to  a violent  explosion  occurred  over  no 
more  than  200  m/scc. 


Fig.  3.  The  velocity  for  low  order  initiation  of  a FBX 
9404  target  lx  plotted  ax  a function  of  project  He  maxx. 


Fig.  4.  The  velocity  for  low  order  Initiation  of  an 
octol  target  is  plotted  as  a function  of  projectile  mass. 
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Fig.  5.  The  velocity  for  low  order  initiation  of  a 
composition  0 target  is  plotted  as  a func  tion  of 
projectile  mass. 


Fig.  6.  The  velocity  for  low  order  initiation  of  a 
heavily  confined  composition  B target  is  plotted  as  a 
function  of  projectile  mass. 


From  these  tests,  it  is  apparent  that  it  is  much 
more  difficult  to  initiate  low  order  reactions  in 
composition  B than  it  is  in  the  MMX  based  explosives. 
However,  such  reactions  can  be  initiated  in  composi- 
tion B if  the  confinement  is  sufficiently  strong.  This 
is  demonstrated  by  some  data  given  us  by  Reeves  (7). 
Me  fired  at  the  curved  surface  of  cylindrical  targets 
which  were  constructed  from  a single  piece  of  steel. 
The  wall  thickness  at  the  point  of  impact  in  ids  test 
was  1 .02  cm  of  steel  as  compared  to  1 .27  cm  of 
steel  in  our  tests.  His  fragments  were  right  circular 
cylinders  of  steel  with  a length  to  diameter  ratio  of 
one.  His  data  is  presented  in  Figure  6 along  with 
predicted  values  for  comparison.  He  did  not  attempt 


to  distinguish  between  detonations  and  low  order 
reactions,  so  we  cannot  be  sure  which  were  observed. 
Nevertheless,  it  is  apparent  that  the  heavily  confined 
composition  B is  very  susceptible  to  explosive  reac- 
tions under  conditions  where  shock  initiation  cannot 
be  operative. 


PRESSURE  MEASUREMENTS  IN 
INITIATING  CHARGES 

It  is  apparent  that  all  three  of  the  explosives  we 
liavc  studied  are  susceptible  to  low  order  explosions. 
With  PBX  9404  the  phenomenon  occurs  even  with 
extremely  light  confinement,  but  with  composition  B 
moderately  heavy  confinement  is  required.  In  an 
effort  to  explain  these  observations,  we  have 
attempted  to  record  tiic  pressure  time  history  in 
charges  which  are  undergoing  a low  order  explosion. 
The  measurements  are  made  difficult  by  the  fact  that 
we  require  long  recording  times  (several  hundred 
usee)  and  by  the  fact  that  the  flow  may  be  divergent. 
We  arc  employing  two  techniques  to  make  these 
measurements.  The  first  involves  the  use  of  a 
manganin  piezoresistive  foil  gage.  Such  gages  have 
been  described  by  Wackerlc  (8).  Because  of  the  flow 
divergence  which  is  possible  in  our  experiments,  we 
had  to  adopt  a technique  suggested  by  Koscnburg(9). 
In  Roscnburg’s  technique  a constantan  strain  gage  is 
used  in  conjunction  with  the  manganin  gage.  The 
manganin  responds  to  both  stress  and  strain.  The 
constantan  has  a near  zero  piezoresistive  coef  ficient 
and  responds  only  to  strain.  By  placing  the  gages  in 
equivalent  positions,  we  arc  able  to  determine  how 
much  the  manganin  gage  has  strained  and  to  correct 
the  measurement  accordingly.  The  foil  gages  we  arc 
using  were  manufactured  by  Micromcasurcments. 

The  manganin  gage  lias  a foil  clement  approximately 
0.6  cm  square  with  a resistance  of  48. 5 ohms.  It  is 
designated  as  UM-55-MG 130-48  by  Micromeasure- 
ments.  The  constantan  gage  has  a foil  element 
approximately  0.5  cm  square  with  a resistance  of  120 
ohms.  It  is  designated  as  EP-08-250AF 120.  The 
gages  were  mounted  in  equivalent  positions  on  flat 
metal  surfaces  to  minimize  the  amount  of  strain. 

They  were  used  in  conjunction  with  a standard  bridge 
circuit  widch  was  pulsed  for  500  usee  at  200  volts. 

We  arc  also  attempting  to  measure  the  pressure 
with  tourmaline  piezoelectric  gages.  However,  we 
have  fired  only  one  successful  shot  with  this  gage, 
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and  we  will  reserve  discussion  of  it  for  another 
occasion. 

Our  measurements  to  date  have  been  made  in 
composition  B charges  confined  in  thick  walled  steel 
cylinders.  The  explosive  cavity  is  7.5  cm  in  diameter 
and  1 5 cm  long.  The  cylinder  walls  and  ends  are 
2.54  cm  thick,  and  one  of  the  ends  is  a screw  on  cap. 
The  manganin  and  constantan  gages  were  mounted 
cither  on  the  flai  ends  of  the  cylinder  or  on  a flat 
surface  on  the  side  of  the  cylinder  which  was  created 
by  adding  a steel  insert  to  the  inside  of  the  cylinder. 
The  explosive  is  cast  over  the  gages.  In  our  shots  to 
date  we  have  simulated  projectile  impact  with  a 
tetryl  booster.  The  booster  in  the  shots  to  be 
described  was  1 .27  cm  in  diameter  and  2.54  cm  long 
and  was  placed  in  a hole  which  drilled  in  the  cylinder 
wall.  This  hole  was  1 .9  cm  deep  (leaving  0.64  cm  of 
steel)  and  was  tapered  in  diameter  from  2.54  cm  at 
the  top  to  1 .27  cm  at  the  bottom.  We  have  also 
drilled  the  hole  all  of  the  way  through  the  cylinder 
wall  and  filled  in  the  bottom  with  a 0.64  cm  steel 
plug.  There  is  no  appreciable  difference  in  the 
reactions  obtained  in  this  way. 

Our  results  to  date  arc  preliminary,  but  nevertheless 
interesting.  Figures  7 and  8 show  the  gage  records  for 
one  of  our  shots.  Figure  7 shows  the  manganin  (left) 
and  constantan  (right)  gage  records.  Figure  8 shows 
the  variable  baseline  for  both  gages  (manganin  on 
left;  constantan  on  the  right).  The  variable  baseline  is 
a characteristic  of  the  particular  pulsing  circuit  which 
we  use  and  is  due  to  heating  of  the  resistors  in  the 
circuit.  We  are  unable  to  interpret  the  early  time 
behavior  of  the  records  and  will  consider  only 
measurements  made  after  100  usee.  Figures  9 and  10 
show  pressure  time  histories  for  two  shots.  Figures  1 1 
and  12  show  the  natural  logarithm  of  the  pressure  as 
a function  of  time.  The  pressure  appears  to  rise  in  an 
approximately  exponential  fashion.  However,  in 
both  records,  but  especially  in  Figures  9 and  1 1 , there 
is  evidence  for  a change  in  slope  at  about  60  MPa. 

This  may  be  significant  in  explaining  the  effect  of 
confinement. 


CALCULATIONS  ON  PROJECTILE  IMPACT 

Several  investigators  have  attempted  to  simulate 
numerically  the  processes  occurring  during  projectile 
impact  (10,  1 1).  In  all  studies  of  which  we  are  aware, 
the  phenomenon  investigated  was  really  shock  initia- 


Fig.  7.  Gage  records  from  manganin  (left)  and 
constantan  (right)  gages. 


Fig.  8.  Baseline  records  from  manganin  (left)  and 
constantan  (right). 


Fig.  9.  Pressure  versus  time  for  low  order  initiation  in 
composition  B. 


tion.  Under  low  order  initiation  conditions,  it  is 
possible  that  plastic  work  of  the  e.. 'plosive,  the  pro- 
jectile, or  the  case  may  contribute  to  ignition.  In 
order  to  determine  the  relative  importance  of  plastic 
work  and  shock  heating,  we  have  performed  a series 
of  calculations  utilizing  the  HELP  computer  code. 
HELP  is  a mixed  Eulerian-Lagrangian  hydrodynamic, 
elastic-plastic  code  which  was  developed  by  Systems, 
Science,  and  Software  and  which  has  been  described 
by  Hageman  and  Walsh  (12).  The  basic  mesh  is 
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Eulerian,  but  it  contains  Lagrangian  tracer  particles 
which  can  be  used  to  follow  particular  material 
points. 

In  the  calculations,  the  P-V  equation  of  state  of 
the  explosive  had  the  following  form: 

P = au  + bu2  + cu3  + prE 

u-^-l 
Po 

a = 0.135  X 1012 
b = 0.95  X 1011 
c=  1.01  X 1012 
T=  0.947 
p = density 
p0  = initial  density 
P = pressure 
E = internal  energy. 

This  equation  was  derived  from  the  following  Hugoniot 
with  the  assumption  that  the  Gruneisen  gamma  is 
constant: 

U = 2.71  + 1.86  u 
U = shock  velocity  in  mm/usec 
u = particle  velocity  in  mm/usec, 


Fig.  10.  Pressure  versus  time  for  low  order  initiation 
in  composition  B. 


up 


Fig.  11.  Natural  logarithm  of  pressure  versus  time  for 
low  order  initiation  of  composition  B. 
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A Tiliotson  equation  of  state,  described  in  Reference 
12,  was  used  for  the  steel.  Both  the  steel  and  the 
explosive  were  treated  as  being  elastic-perfcctly 
plastic.  The  Von  Mises  yield  condition,  also  described 
in  Reference  12,  was  used.  The  code  has  a failure 
condition  which  causes  all  stresses  to  be  zeroed  when 
the  ratio  of  the  specific  volume  to  the  initial  specific 
volume  exceeds  a value  which  is  determined  from  the 
ultimate  tensile  strength.  We  do  not  believe  that  the 
choice  of  this  parameter  is  critical  to  the  results 
reported  here,  but  we  have  not  checked  this  point. 


We  have  numerically  simulated  the  processes 
occurring  when  right  circular  cylinders  of  steel  impact 
composition  B targets  which  are  covered  with  0.5  cm 
thick  steel  plates.  The  projectiles  were  2 cm  long  and 
varied  from  0.5  to  2 cm  in  diameter.  The  projectile 
impacted  with  the  axis  of  the  cylinder  perpendicular 
to  face  of  the  target  and  with  no  yaw.  We  computed 
the  maximum  pressure  occurring  at  the  explosive- 
metal  interface  and  used  the  Walsh-Christian  tech- 
nique (13)  to  convert  this  to  a shock  temperature. 

We  also  computed  the  total  plastic  work  occurring  at 
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Fig.  12.  Natural  logarithm  of  pressure  versus  time  for 
low  order  initiation  of  composition  B. 


a number  of  Lagrangian  tracer  points  in  the  explo- 
sive and  tlic  metal.  This  number  was  converted  to  a 
temperature  and  is  referred  to  as  the  plastic  work 
temperature.  We  should  comment  immediately  that 
buth  of  these  quantities  really  represent  averages  over 
small  regions  of  space.  In  the  case  of  shock  heating, 
small  voids  and  density  variations  will  cause  large 
fluctuations  in  the  local  temperature  (14),  With 
regard  to  plastic  work,  there  arc  clearly  small  regions 
along  the  axis  of  the  projectile,  and  perhaps  elsewhere, 
which  obtain  very  high  total  strains.  Our  ability  to 
resolve  these  regions  is  limited  by  the  number  of 
mesh  points  which  we  can  economically  handle.  In 
these  calculations  the  cell  dimensions  were  0.1  cm  X 
0.2  cm.  A finer  grid  would  probably  have  resulted  in 
higher  temperatures  being  attained  by  tracer  particles 
close  to  the  axis.  A further  qualification  should  be 
made  with  regard  to  brittle  explosives.  In  such 
explosives,  heating  probably  occurs  along  localized 
fracture  surfaces  and  could  lead  to  high  temperatures 
over  small  regions.  The  code  cannot  handle  this 
problem.  For  these  reasons,  the  exact  numerical 
values  of  temperatures  which  we  report  here  arc  not 
significant.  What  is  important  are  the  general  trends 
and  the  relative  values  of  shock  temperature  and 
plastic  work  temperature. 

In  Figure  13  we  have  plotted  the  maximum  plastic 
work  temperature  of  both  metal  and  explosive  and 
the  maximum  shock  temperature  of  the  explosive  as 
a function  of  projectile  velocity.  We  should  note 
that  the  plastic  work  associated  with  the  tracer 


particles  levels  out  at  long  times  because  failure 
occurs.  The  maximum  plastic  work  temperature  is 
determined  after  this  leveling  has  occurred.  The 
projectile  diameter  was  0.5  cm.  The  figure  shows 
that  the  maximum  plastic  work  in  both  the  metal 
and  the  explosive  is  nearly  independent  of  velocity. 
The  explanation  for  this  is  that  the  total  deformation 
is  only  a weak  function  of  the  velocity  in  this  velocity 
region.  Since  the  shear  stresses  arc  independent  of 
strain  rate  in  this  code,  the  result  follows.  The  metal 
experiences  a much  larger  temperature  rise  due  to 
plastic  work  than  docs  the  explosive.  This  is  due  to 
the  higher  strength  and  lower  heat  capacity  of  the 
steel.  The  highest  plastic  work  temperatures  were 
always  attained  by  the  tracer  particles  whose  initial 
location  was  closest  to  the  projectile  axis.  In  the 
metal  the  hottest  tracer  particle  was  located  at  the 
front  of  the  projectile,  where  it  would  eventually 
make  contact  with  the  explosive.  In  the  explosive, 
the  hottest  tracer  particle  was  the  one  near  the 
explosive-metal  interface.  The  implication  of  these 
results  is  tluit  plastic  work  can  be  a dominant  effect 
only  at  low  impact  velocities.  However,  one  should 
keep  in  mind  the  fact  that  thicker  cases  will  tend  to 
increase  the  relative  importance  of  plastic  work  by 
decreasing  the  peak  shock  pressure  reaching  the 
explosive  (if  the  casing  is  sufficiently  thick)  and  by 
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Fig.  13.  Shock  and  plastic  work  temperatures  as  a 
function  of  projectile  velocity,  Projectile  diameter 
was  1 cm;  case  thickness  was  0.5  cm. 
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increasing  the  plastic  work  which  the  projectile  will 
experience  in  penetrating  the  case. 


Figure  14  shows  the  maximum  plastic  work 
temperature  and  shock  temperature  as  a function  of 
projectile  diameter.  The  velocity  for  these  calcula- 
tions was  1 mm/uscc.  Again,  the  plastic  work 
temperature  is  nearly  independent  of  diameter,  but 
the  shock  temperature  increases  with  diameter  in  this 
range.  Again,  we  should  note  that  the  plastic  work 
would  be  relatively  more  important  if  the  case 
thickness  were  greater.  The  implication  of  this 
figure  is  that  plastic  work  will  be  dominant  for  small 
diameters,  and  shock  will  be  dominant  for  large 
diameters  if  other  things  are  equal. 


DISCUSSION 

It  has  long  been  known  that  a variety  of  reactions 
arc  possible  in  explosive  charges  under  projectile 
impact.  What  seems  to  liave  escaped  general  observa- 
tion is  that  there  is  a rather  sharply  defined  set  of 
conditions  wliich  separate  explosions  and  less  violent 
reactions  in  confined  cltarges.  All  of  the  explosives 
which  we  have  studied  scent  to  be  susceptible  to  low 
order  explosions  under  conditions  which  arc  much 
less  severe  than  those  required  for  detonation.  How- 
ever, the  conditions  under  which  low  order  explo- 
sions arc  observed  are  dependent  on  confinement, 
and  PBX  9404  requires  much  less  confinement  than 
does  composition  B.  From  a theoretical  point  of 
view,  the  problem  is  to  explain  the  sharp  onset  of 
explosive  reactions  and  the  way  in  which  confine- 
ment influences  the  limit  point. 

We  believe  the  problem  must  be  separated  into  an 
ignition  phase  and  a buildup  phase.  Ignition 
probably  occurs  under  very  mild  conditions,  but  we 
liave  little  evidence  on  the  minimum  conditions 
required.  Shock  heating  and  heat  transfer  from  the 
hot  fragment  are  both  possible  mechanisms.  The 
calculations  reported  here  indicate  that  the  latter 
mechanism  will  be  favored  by  thick  confinement  (at 
the  impacted  point),  low  velocity,  and  small  radius. 

If  the  buildup  does  not  occur  by  a shock  process, 
which  would  lead  to  detonation,  it  must  be  controlled 
by  the  competing  processes  of  gas  evolution  (burning) 
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Fig.  14.  Shock  and  plastic  work  temperatures  as  a 
function  of  projectile  diameter.  Impact  velocity  was 
1 mm/usec;  case  thickness  was  0.5  cm. 

and  venting.  At  the  risk  of  oversimplification,  we 
can  use  steady  state  equations  for  the  explosive  burn- 
ing rate  and  for  venting.  From  strand  burner  experi- 
ments, the  burning  rate  per  unit  of  ignited  surface 
area  is  proportional  to  l>n,  where  P is  pressure.  If  we 
assume  choked  flow,  the  venting  rate  is  proportional 
to  the  area  of  the  nozzle  times  chamber  pressure  to 
the  first  power.  The  time  derivative  of  the  pressure 
will  obey  an  equation  such  as  follows: 

dP 

— = A Pn  - BP, 

dt 

where  A and  B are  parameters  depending  on  the 
ignited  surface  area,  the  size  of  the  hole  in  the  wall  of 
the  charge,  and  other  factors.  For  n less  than  1 , this 
equation  leads  to  stable  burning  rates,  and  permits  a 
constant  pressure  to  be  obtained;  for  n greater  than  1 
an  explosive  increase  in  pressure  is  possible.  For  most 
explosives,  n seems  to  be  about  1 (15,16,  17). 

Under  these  conditions  the  stability  of  the  burning 
rate  is  determined  by  the  parameters  A and  B which 
are  in  turn  determined  by  the  amount  of  ignited  area 
and  the  size  of  the  hole  through  which  venting  occurs. 
If  A is  greater  than  B,  the  pressure  will  rise  until  the 
confinement  fails.  In  this  case  the  pressure  should 
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rise  in  an  approximately  exponential  fashion  with 
time,  and  this  is  in  general  accord  with  the  pressure 
records  we  have  obtained.  The  pressure  rise  would 
not  be  expected  to  be  perfectly  exponential  since 
the  burning  area  will  increase  with  time.  One  might 
expect  that  the  maximum  pressure  obtained  would 
be  equal  to  the  pressure  required  to  burst  the  confine- 
ment. This  is  clearly  not  the  case.  On  the  other 
hand,  if  the  pressure  is  rising  rapidly,  it  may  over- 
shoot the  rupture  pressure  because  of  inertial  con- 
finement; In  this  case,  the  violence  of  the  explosion 
will  depend  on  the  rate  of  pressure  rise  at  the  time  of 
case  rupture. 

The  change  in  slope  in  our  pressure  time  curves 
may  be  important  in  this  consideration.  If  the 
rupture  pressure  of  the  confinement  is  above  the 
transition  point,  a violent  explosion  would  be  much 
more  likely.  The  composition  B targets  in  which  we 
observed  low  order  explosions  all  had  rupture  pres- 
sures above  70MPa.  The  target  in  which  we  did  not 
observe  low  order  explosions,  had  a very  low  rupture 
pressure.  The  transition  point  may  be  determined  by 
the  point  at  which  the  explosive  begins  to  fracture 
exposing  more  area  to  burning.  Wachtell  (17)  sug- 
gested this  as  the  explanation  for  a similar  phenome- 
non observed  when  explosive  was  burned  in  a closed 
bomb.  The  transition  pressures  measured  by 
Wachtell  were  lower  than  ours,  but  his  rate  of  pres- 
sure rise  was  also  much  lower. 
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AUTHORS  NOTE:  On  the  second  page  of  this  paper, 
the  variables  y and  r are  the  case  thickness  and  pro- 
jectile radius  respectively.  In  the  calculation  of  the 
critical  energy  on  the  same  page,  the  quantity  Put 
should  be  Pu(t  - 1]). 


A NUMERICAL  STUDY  OF  IMPACT  PHENOMENA  IN  EXPLOSIVES 

AND  PROPELLANTS 
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ITT  Research  Institute 
Chicago,  Illinois  60616 


The  mechanical  and  thermal  response  of  explosive  and  propellant  materials  during 
moderate  speed  impact,  typical  for  accident  conditions,  is  investigated  numerically. 
The  objective  is  to  determine  the  mechanisms  which  may  lead  to  the  initiation  of 
detonation  or  chemical  decomposition  reactions.  The  dynamic  impact  problem  is 
formulated  in  the  Lagrangian  frame  of  reference  for  two-dimensional  and  cylindri- 
cally  symmetric  geometries.  Calculations  are  carried  out  for  unconfined  and 
partially  confined  impact.  It  is  found  that  both  for  homogeneous  and  inhomo- 
geneous materials  the  major  mechanism  leading  to  energy  focusing  and  temperature 
increases  is  the  adiabatic  shock  compression.  Friction,  dissipation  due  to  distor- 
tion, and  heat  transfer  are  of  small  importance.  While  in  unconfined  impact 
temperature  uses  are  moderate,  confinement  or  the  presence  of  low  density  in- 
homogeneitics  or  gas  bubbles  produces  local  heating  thought  to  he  sufficient  for  the 
initiation  oj  chemical  reaction.  In  particular  gas  inclusion"  are  prone  to  cause  the 
formation  of  hot  spots.  The  thermal  effect  of  high  density  inclusions  on  the  other 
hand  is  found  to  be  minimal.  The  calculated  material  distortions  qualitatively 
agree  with  experimental  observations  of  impact  phenomena. 


INTRODUCTION 

In  order  to  evaluate  the  hazards  associated  with 
the  impact  of  solid  explosive  and  propellant  materials, 
it  is  essential  to  obtain  an  understanding  of  tiie 
phenomena  which  may  lead  to  the  initiation  of  deto- 
nation during  dynamic  compression.  Existing  detona- 
tion theories  are  primarily  concerned  with  the 
response  of  explosives  to  strong  shock  waves. 

However,  detonation  and  subdetonation  reactions  of 
these  materials  often  occur  (Napadensky  and 
Kennedy,  1964)  at  impact  speeds  and  pressures 
which  are  well  belo"'  those  predicted  by  classical 
detonation  theories  Therefore,  in  the  current  inves- 
tigation interest  is  Coursed  on  moderate  impact 
stimuli  which  are  representative  of  typical  accident 
conditions. 

•Present  Affiliation:  Argonne  National  Laboratory, 
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Experiments  indicate  (Napadensky  and  Kennedy, 
1964)  that  prior  to  initiation  by  impact,  solid  explo- 
sives and  propellants  undergo  large  deformations. 
Thus  to  understand  the  mechanisms  leading  to  igni- 
tion, it  is  necessary  to  delineate  the  material  flow  and 
energy  conversion  and  focusing  processes  caused  by 
dynamic  compression.  Instrumentation  difficulties, 
in  general,  limit  the  results  of  experimental  studies  to 
gross  observations  and  to  the  establishment  of  initia- 
tion thresholds.  To  obtain  belter  insight  into  the 
impact  processes  requires  detailed  analytical  investi- 
gations. This  then  provides  the  motivation  for  the 
numerical  study  and  the  development  of  a computer 
program  capable  of  calculating  the  essential  impact 
phenomena. 

Tire  present  paper  outlines  the  theoretical  formula- 
tion and  the  numerical  method,  and  briefly  describes 
the  capabilities  of  the  computer  program.  Typical 
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computational  results  for  impact  calculations  in 
homogeneous  and  nonhomogeneous  materials  arc 
presented,  aird  their  implications  relative  to  initiation 
mechanisms  in  solid  explosives  and  propellants  arc 
discussed, 


parts.  Constitutive  equations  describe  the  stress- 
strain  relationship  for  the  latter.  The  thermodynamic 
variables  are  related  by  a caloric  equation  of  state,  of 
the  form: 

p = A + Be  (5) 


COMPUTATIONAL  APPROACH 

A two-dimensional  unsteady  model  of  the  impact 
phenomena  was  developed  for  cylindrically  symmet- 
ric and  plane  geometries.  Hlastic-plastic  or  purely 
hydrodynamic  material  representation  can  be  used. 
The  formulation  is  in  Lagrangia*’  coordinates  to 
permit  the  treatment  of  multiple  materials  and  inter- 
laces. Since  details  of  the  approach  were  given  else- 
where (Napadcnsky  ct  al.,  1970)  only  a brief  outline 
follows. 

Governing  Equations 

The  conservation  equations  describing  the  impact 
behavior  arc: 

Mass 

pj  = Po  (!) 

Momentum 

Du  <)oXx  , dox/  oXA  all(l 

P“  = -r — + — — + v (2) 

Dt  dx  3z  x 


where  A and  B are  functions  of  density.  Tempera- 
tures are  computed  from  a given  thermal  equation  of 
state.  Tire  boundary  conditions  which  can  be  treated 
include  free  and  rigid  surfaces  and  the  impact  of  a 
flyer  plate. 

Numerical  Procedures 

Tire  numerical  solution  follows  closely  a procedure 
developed  by  Wilkins  ( 1964).  A grid  of  straight  lines 
divides  the  plane  of  motion  into  rectangular  zones 
which  deform  into  quadrilaterals  as  the  motion  pro- 
gresses. The  node  indices  of  the  grid  serve  as  discrete 
Lagrangian  variables.  Accelerations,  velocities,  and 
displacements  arc  defined  at  the  nodes.  Slate  proper- 
ties such  as  stress,  density  and  energy  are  associated 
with  the  zones.  Velocity  is  defined  at  mid-timeslep 
while  all  other  variables  are  defined  at  the  end  of  a 
limestep.  To  permit  the  ready  computation  of  the 
spatial  derivatives  in  a distorted  grid,  use  is  made  of 
an  integral  definition  of  the  partial  derivatives. 
Fictitious  edge  zones  are  used  to  compute  the 
boundary  conditions. 


foxy.  duyy, 

3x  3z 


(3) 


Energy 

])c  p Dp  _ Db 

Dt'  " ^2  7)7  “ dT 


(4) 


Here  the  following  notation  has  been  used:  x z,  0 
current  radial  (horizontal),  axial  (vertical),  and 
angular  coordinates;  u,  w radial  and  axial  velocity; 
p,  po-current  and  initial  density;  oxx,  «/./.,  voo  * 
normal  stress  components;  oxz  shear  stress;  p pres- 
sure (negative  average  normal  stress);  e-  internal 
energy;  b -strain  energy  of  distortion;  q -heat  release; 
D/Dl  latgrangian  lime  derivative;  p = 0, 1 for  plane 
and  axially  symmetric  geometries  respectively;  J — 
limit  of  the  ratio  of  a differential  element  of  current 
volume  to  that  occupied  by  the  same  mass  initially. 


The  stress  and  strain  rate  tensors  are  split  into 
isotropic  (hydrostatic)  and  antisymmetric  (devlatoric) 


During  each  time  step  the  accelerations  arc  evalu- 
ated first,  using  finite  difference  forms  of  the 
momentum  equations  (2)  and  (3).  Integrations  with 
respect  to  time  then  yield  the  velocities  and  displace- 
ments. New  zone  volumes  are  computed  and  the 
densities  arc  evaluated  from  the  fixed  zone  masses; 
this  is  equivalent  to  using  equation  (I ).  Strain  rates, 
deviatoric  stress  components,  and  distortion  energies 
arc  calculated  next,  using  the  constitutive  relations. 
Finally  the  internal  energy  and  pressure  are  obtained 
by  simultaneous  solution  of  the  energy  equation  (4) 
and  the  equation  of  state  (5). 

Shock  waves  arc  treated  by  introducing  an  artifi- 
cial viscosity  in  regions  of  compression  and  computa- 
tional stability  is  insured  by  choosing  timesteps 
consistent  with  the  Courant  criterion  (Richtmcyer 
and  Morton,  1967).  Detonation  processes,  using 
classical  Chapman-Jougct  theory,  can  be  calculated. 
Tbe  grid  size  may  be  variable.  Friction  can  be  in- 
cluded at  a rigid  boundary  and  inertial  effects  of 
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casings  around  the  explosive  can  be  taken  into 
account. 

RESULTS  AND  CONCLUSIONS 

Numerical  experiments  and  parameter  studies  were 
carried  out  both  for  unconfmed  and  partially  con- 
fined impact  (see  Fig.  1).  The  latter  represents  the 
most  common  experimental  configuration  in  which  a 
cylinder  of  the  tested  material  rests  on  an  anvil  sur- 
face and  is  impacted  by  a metal  flyer  plate.  Both  in 
unconfined  and  semiccnfined  impact  the  motion 
behind  the  initial  shock  is  one-dimensional.  Rarefac- 
tion waves  originating  at  the  lateral  surfaces  relieve 
the  pressure  and  form  a two-dimensional  flow  field. 
Interactions  of  these  waves  along  the  centerline  can 
lead  to  strong  tension  in  the  material,  particularly  for 
unconfined  impact. 

Preliminary  studies  with  a number  of  explosives 
and  propellants  indicated  that  their  qualitative  behav- 
ior is  very  much  alike,  and  that  only  small  quantita- 
tive differences  exist,  e.g.,  twenty  percent  differences 
in  peak  temperatures  (Napadensky  and  Kot,  1971). 
Therefore,  results  for  only  a single  material  are 
presented  here,  namely  TNT  having  a normal  density 
of  1 .58  gm/cc.  The  equations  of  state  used  are  those 
given  by  Enig  and  Metcalf  (1962).  Elastic-perfectly 
plastic  behavior  is  assumed  when  material  strength  is 
taken  into  account,  and  yielding  occurs  according  to 
the  von  Mises  criterion.  Tire  elastic  modulus  and  the 
yield  strength  are  80.5  and  1,21  kilobars  respectively. 
The  impact  velocity  for  both  unconfmed  and  flyer 
plate  impact  was  held  constant  at  21  cm/msec 
(~700  fps).  A cylinder  height  of  5 cm  was  used  for 
all  calculations  while  the  diameter  was  varied  in  order 
to  study  geometric  effects. 


Large  differences  in  the  mechanical  material  re- 
sponse are  observed,  when  comparing  hydrodynamic 
modeling  with  an  elastic-plastic  treatment.  For  un- 
confined impact,  particle  velocities  and  displace- 
ments, in  regions  of  significant  material  flow,  arc  two 
times  larger  for  the  hydrodynamic  case  (see  Fig.  2). 
However,  the  influence  on  the  thermal  response  is 
much  smaller,  peak  temperature  being  about  ten 
percent  higher  for  the  hydrodynamic  case,  as  shown 
in  Fig.  3.  Tire  maximum  temperatures  in  unconfined 
impact  are  quite  moderate  (~200°C)  and  occur 
directly  behind  the  main  shock  wave  in  regions  of 
maximum  compression.  Energies  of  distortion  asso- 
ciated with  elastic-plastic  material  response  contribute 
little  to  the  temperature  rise.  Also  the  effect  of  sur- 
face friction  on  temperature  response  was  found  to 
be  minimal.  More  significant  is  the  reduction  of  radial 
velocity  and  displacement  along  the  impacting 
surface. 

Flyer  plate  impact  on  cylinders  of  the  same  size 
(5  cm  radius)  and  at  the  same  velocity  as  for  the 
unconfined  case  produces  significantly  higher  (by  a 
factor  of  two)  temperature  increases  (see  Fig.  4). 
These  temperature  maxima  occur  directly  behind  the 
shock  reflecting  from  the  rigid  anvil  surface.  There- 
fore, it  appears  that  the  primary  mechanism  responsi- 
ble for  the  temperature  increases  in  a homogeneous 
material  is  the  adiabatic  shock  compression.  This  was 
further  substantiated  by  the  results  of  numerical 
experiments  with  cylinders  of  various  aspect  ratios, 
subjected  to  flyer  plate  impact.  Long  and  slender 
cylinders  experience  small  temperature  rises  because 
the  shock  pressure  is  relieved  by  rarefaction  waves 
from  the  lateral  free  surface  before  reflection  takes 
place,  as  can  be  seen  in  Fig.  4 for  the  cylinder  having 
a radius  of  2.5  cm. 


Fig.  1.  Impact  configurations. 
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Fig.  2.  Effect  of  material  strength  on  velocity  and 
displacement,  (unconfined  impact,  im  31,  ka  1) 


TIME,  p%»V 

Fig.  3.  Effect  of  material  strength  on  maximum  tem- 
perature. (unconfined  impact) 


The  computational  results  indicate  that  significant 
energy  focusing  and  temperature  Increases  arc  possi- 
ble in  partially  confined  homogeneous  materials  at 
moderate  impact  speeds.  While  the  substantial  mate- 
rial heating  is  limited  to  small  spatial  regions  (~0.16 
cm  diameter)  and  short  durations  (a  few  micro- 
seconds), it  has  been  shown  (Bowden  ancf  Yoffe, 
1952),  that  at  the  calculated  peak  temperatures 
(~400°C),  ignition  sources  of  these  dimensions  and 
durations  are  sufficient  to  initiate  chemical  reaction. 
Since  tire  large  temperature  increases  are  very  local- 
ized, the  effect  of  computational  mesh  size  was 
evaluated,  Adequate  temperature  predictions  were 
obtained  for  grid  sizes  equal  to  or  smaller  than  the 
formed  hot  spots.  A computational  mesh  which  is 


Fig.  4.  Maximum  temperature  variations  (elastic- 
plastic). 


too  coarse  predicts  erroneously  low  temperatures  as 
illustrated  by  the  dashed  curve  In  Fig.  4. 

Experimental  evidence  Indicates  that  the  presence 
of  material  inhomogencitics  such  as  impurities,  gas 
bubbles  and  voids,  enhances  the  production  of  hot 
spots  or  loci  of  initiation  in  propellants  and  explo- 
sives. The  effect  of  such  material  inclusions  was 
therefore  investigated  numerically.  Specifically  evalu- 
ated were  the  effect  of  gas  bubbles  and  the  influence 
of  small  inclusions  consisting  of  either  high  or  low 
density  inhomogeneities.  Tire  calculations  were 
carried  out  neglecting  heat  transfer  and  therefore 
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over  estimate  the  temperature  increases.  However, 
they  are  indicative  of  the  qualitative  thermal  re- 
sponse. The  geometrical  arrangement  in  all  calcula- 
tions was  that  shown  in  Fig.  5 for  (lie  case  of  an  air 
inclusion. 

It  is  found  that  soft  (low  density,  p = 0.5  p„  where 

is  the  normal  density)  inclusions  and  gas  bubbles 
undergo  very  substantial  temperature  Increases  during 
shock  compression.  Due  to  the  impedance  mis- 
match at  their  boundary  the  inclusions  arc  strongly 
compressed  and  energy  is  focused  in  these  regions. 
Hard  (higher  density,  p =>  2 p0)  inclusions  act  as  small 
reflecting  surfaces  increasing  the  temperature  slightly 
in  the  immediately  adjacent  material.  However,  their 
overall  effect  on  the  thermal  response  is  minimal. 
Figure  6 shows  the  variation  of  maximum  tempera- 
ture with  time  for  all  throe  types  of  lnhomogoncUles. 
For  comparison  the  curve  for  the  homogeneous 
material  Is  included.  Only  the  first  temperature  peuk 
is  of  interest  here,  since  it  Is  caused  by  the  inclusion, 
the  second  pouk  results  from  the  shock  reflection  at 
(he  anvil  surface.  It  can  be  seen  (hut  the  thermal 
effect  of  u soft  inclusion  is  equivalent  to  that  of  u 
confining  surface.  The  avoruge  air  cavity  temperature 
is  found  to  be  in  excess  of  300'J°C  when  using  a 
perfect  gas  equation  of  state.  Obviously  real  gas 
effects  and  heat  transfer  should  be  taken  into  account 
at  these  temperatures.  Due  to  excessive  distortion 
und  partial  collapse  of  the  computational  mesh  the 
calculation  with  (he  air  inclusion  had  to  be  termi- 
nated shortly  alter  the  shock  pussod  the  inhomogc- 
ncity.  The  shape  of  the  air  cavity  and  the  grid  distor- 
tion at  tliat  time  can  be  seen  in  Fig.  5. 
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I'lg.  5,  Deformation  of  a TNT  cylinder  with  an  air 
inclusion  ( hydrodynamic j. 


Figure  7 presents  typical  pressure  and  temperature 
profiles  for  the  soft  and  the  air  inclusion  at  the  time 
of  maximum  temperature  occurrence.  Again  for 
comparison  the  profiles  for  the  homogeneous  mate- 
rial are  also  shown.  The  vertical  profile  lor  the  latter, 
along  the  centerline,  is  characteristic  of  one- 
dimensional  motion  behind  the  downward  moving 
shock  wave,  The  rapid  decreases  of  pressure  and  tem- 
perature towards  the  lateral  surface  in  the  horizontal 
profile  are  due  to  the  rarefaction  waves  originating  at 
that  surface.  Significant  distortions  of  the  profiles 
arc  caused  by  tiic  presence  of  the  inclusions.  Of  par- 
ticular interest  is  tiic  fact  that  while  (lie  temporal  tiro 
in  the  air  cavity  is  extremely  high  the  pressure  is  still 
hut  a small  fraction  of  the  value  prevailing  in  the  sur- 
rounding material.  Titus,  furthei  collapse  of  (he 
cavity  accompanied  by  an  additional  temperature 
increase  should  be  expected. 

An  auxiliary  analysis  was  conducted  to  study  in 
detail  the  phenomena  in  the  vicinity  of  a single  col- 
lapsing gas  bubble  or  void.  The  materials  of  Interest 
in  their  sensitive  range  generally  experienced  rather 
small  strains  during  shock  passage  and  the  subsequent 
cavity  collapse  process  was  relatively  symmetric  with 
respect  to  a coordinate  system  moving  with  the 
apparent  center  of  mass  of  the  cavity.  This  indi- 
cated that  tiic  associated  two-dimensional  effects 
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Ida.  6.  Effect  of  inclusions  on  maximum  temperature 
(hydrodynamic). 
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/%.  7.  Effect  of  inhomogeneities  on  pressure  and  temperature  profiles 
(hydrodynamic), 


were  relatively  weak  and  suggested  that  a one- 
dimensional  spherically  symmetric  analysis  could  be 
used  to  evaluate  the  collapse  process  with  improved 
fidelity.  Tire  analysis  was  limited  to  hydrodynamic 
material  behavior,  lire  process  is  started  by  instanta- 
neously pressurizing  a volume  of  material  to  the 
desired  shock  pressure  level  using  the  appropriate 
material  properties.  A low  pressure  gas  filled  or 
empty  cavity  is  located  at  the  origin  of  this  region 
and  the  stress  imbalance  at  the  cavity  boundary  initi- 


ates the  cavity  collapse  process.  The  pressure  at  the 
cavity  boundary  was  related  to  the  instantaneous 
average  gas  pressure  using  a simple  isentropic  law  for 
a perfect  gas.  In  the  case  of  a void  the  boundary  was 
maintained  at  a zero  pressure  level. 

Tire  pressure  and  temperature  histories,  in  the  gas 
bubble  and  the  immediately  adjacent  material  are 
shown  in  Fig.  8,  It  can  be  seen  that  the  temperature 
rise  in  the  gas  precedes  the  pressure  increase  and  that 
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both  are  of  very  short  duration  (a  few  ptscc),  since  the 
bubble  reexpands.  Using  these  adiabatic  results  an 
estimate  of  tiic  heat  transfer  was  obtained  by  solving 
the  unsteady  heat  conduction  equation.  For  tire 
short  durations  indicated  above,  penetration  of  signi- 
ficant temperature  increases  was  limited  to  depths  of 
the  order  of  one  micron.  It  was  concluded  from 
these  observations  that  the  heat  transfer  mechanism 
was  not  a significant  factor  in  concentrating  energy 
within  an  adequate  region  of  the  material. 

Much  more  important  is  the  heating  due  to  shock 
compression  alone.  As  shown  in  Big.  8 the  tempera- 
ture in  the  material  immediately  adjacent  to  the  gas 
cavity  rises  to  approximately  700°C.  The  time  and 
spatial  distribution  of  the  temperature  in  the  explo- 
sive material  is  given  in  Fig.  9 which  presents  the 
wave  diagram  isotherms  and  the  path  of  the  cavity 
boundary  during  collapse  and  rccxpanslon.  A similar 
result  is  obtained  for  the  case  of  a void  indicating  that 
the  response  of  the  gas  within  the  cavity  is  not  an 
important  factor.  Hie  collapse  process  is  governed 
primarily  by  the  geometrically  controlled  dynamic 
response  of  the  material  itself. 

In  summary  the  results  show  that  both  for  homo- 
geneous and  Inhomogeneous  materials  the  major 
mechanism  leading  to  energy  focusing  and  tempera- 
ture increases  is  the  adiabatic  shock  compression. 
Friction,  dissipation  due  to  distortion,  and  heat  trans- 
fer arc  of  small  importance.  While  In  unconfined 
impact  temperature  rises  arc  moderate,  confinement 
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or  the  presence  of  low  density  inhomogeneities  or  gas 
bubbles  produces  local  heating  thought  to  be  suffi- 
cient for  the  initiation  of  chemical  reaction.  In  par- 
ticular gas  inclusions  arc  prone  to  cause  the  formation 
of  hot  spots.  The  thermal  effect  of  high  density 
Inclusions  on  the  other  hand  is  found  to  be  minimal. 

While  no  quantitative  comparison  with  experi- 
ments was  possible,  due  to  the  lack  of  appropriate 
test  data,  the  computed  material  distortions  agree 
qualitatively  with  high  speed  photography  observa- 
tions (Napadensky  and  Kennedy,  1964).  Finally,  the 
understanding  of  impact  processes  gained  from  the 
computational  results  amply  demonstrates  the  value 
of  the  numerical  modeling  approach. 
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In  a previous  paper,  a kinetic  lattice  model  of  detonation  was  coupled  with 
Cliapmun-Jouftuet  Theory  and  Tyring  Curved  front  Theory  to  describe  the  critical 
detonation  characteristics  of  heterogeneous  condensed  explosives.  In  the  present 
work,  non-ideal  detonation  behavior  resulting  from  lateral  energy  loss  is  incorpo- 
rated directly  into  the  kinetic  lattice  model  obviating  the  use  of  other  failure 
theories.  The  resulting  equations  are  solved  numerically  to  give  the  relationship 
between  detonation  velocity,  charge  diameter  and  loading  density.  The  results  not 
only  describe  the  contrasting  Group  I/Group  II  behavior  patterns  reported  by  Trice, 
but  also  yield  low  velocity  steady-state  detonation  solutions  which  resemble  l.  VI) 
phenomena  In  solids.  Critical  diameter  are  also  calculated  for  the  specific  case  of  an 
RDX/AT  fro  pc  Hunt  explosive  system.  The  generated  data  compare  quite  favorably 
with  experiment. 


INTRODUCTION 

In  a previous  paper  ( I ),  we  outlined  a kinetic 
lattice  approach  to  determining  the  detonation  reac- 
tion time  of  heterogeneous  explosives,  which  when 
incorporated  into  the  detonution  failure  theory  of 
Eyring  et  ah  (2)  yielded  a good  accounting  of 
observed  critical  diameter  phenomena.  Of  particular 
interest  is  the  fact  that  we  were  able  to  predict  (albeit 
a posteriori)  the  Group  1/Group  II  type  explosive 
behavior  as  described  by  Price  (3).  This  earlier  treat- 
ment of  the  lattice  model  assumed  ad  hoc  the  results 
of  Curved  Front  Theory  (2)  for  describing  the  non- 
ideal  detonation  condition. 

In  the  present  work,  we  describe  how  non-ideal 
detonation  behavior  resulting  from  lateral  rarefaction 
energy  loss  can  be  incorporated  directly  into  the 
kinetic  lattice  model,  obviating  the  use  of  other 
failure  theories.  This  treatment  can  be  considered  to 
be  an  adaptation  of  Dremin’s  concept  of  a quenching 
wave  (4).  The  resulting  kinetic  lattice  equations 


when  coupled  with  Chapman-Jouguet  Theory  again 
leads  to  an  initial  value  problem  that  defines  the 
regions  of  stable  detonation  for  heterogeneous 
explosives, 

Numerical  calculations  with  the  present  treatment 
of  the  lattice  model  not  only  lead  to  good  agreement 
with  experimental  data  on  detonation  velocity  vs. 
charge  diameter,  but  also  indicate  the  existence  of 
stable  detonations  at  very  low  velocities,  i.c .,  LVD 
phenomena  (5). 

THE  KINETIC  LATTICE  MODEL 

Following  our  earlier  treatment  ( 1 ),  we  consider  a 
heterogeneous  explosive  to  be  composed  of  a uniform 
distribution  of  spherical  sites.  These  sites  represent 
the  various  types  of  explosive  components;  for 
example,  explosive  particles,  inert  particles,  and 
potential  hot-spots  such  as  air  voids,  crystal  defects, 
and  contact  surfaces.  For  a one-dimensional  treat- 
ment of  this  model,  we  define  a 1 -£)  lattice  composed 
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of  an  array  of  siles  along  a line  drawn  through  the 
diameter  of  a cylindrical  explosive  charge.  Consider- 
ing the  explosive  to  contain  M-components,  we 
denote  for  each  type  of  site  i = 1 , 2, . . .M  a mass 
density  pj,  an  effective  diameter  kj,  and  a total  initial 
number  Nj(o).  The  charge  diameter,  d,  and  charge 
(loading)  density  p()  is  then  expressed  as 

M 

d = L KiNi(o)  (1) 

i-1 

and 

M /m 

P«  = £ f Bi3N,(o)pi  JL  f 8^,(0)  (2) 

Passage  of  a detonation  wave  through  the  explosive 
is  considered  to  result  in  decomposition  (or  activa- 
tion) of  the  sites  along  the  lattice  to  form  hot-spots 
(i.c.,  ignition  centers).  If  Nj*(t)  is  the  number  of  hot- 
spots formed  from  sites  of  type  i at  time  t after 
passage  of  the  detonation  front,  then  the  total  num- 
ber of  hot-spots  formed  is  simply 

M 

N.*(l)  = L N*(t)  (3) 

i - 1 1 


Assuming  a first  order  reaction  process  with  a rale 
constant  kj  for  each  type  of  site,  we  have 

dNj*/dt  = kjNj  (4) 

and 

M 

dNf/dt  = L kjNj  (5) 

i-  i 


We  now  consider  that  each  hot-spot  formed  be- 
comes the  origin  of  a grain  burning  (i.e.,  deflagration) 
wave  which  consumes  unreacted  sites  as  it  spreads 
outwardly  from  its  origin  along  the  lattice. 


The  grain  burning  wave  leads  to  an  effective  first 
order  consumption  of  sites  given  by 


- (dNj/dt)  Grain  Burn  = 2BNf N, J KjNjft),  (6) 


The  above  processes  of  hot-spot  formation  and 
grain  burning  are  essentially  the  energy  liberating 
reactions  which  support  the  detonation,  and  lead  to  a 
set  of  M rate  equations  that  describes  the  consump- 
tion of  sites: 


-dNj/dt 


kj  + 


2 BN* 

Z>jNj 


Nj 


(7) 


This  is  essentially  the  equation  we  derived  in  our 
earlier  work  ( 1 ) where  Arrhenius  rate  constants  for  kj 
and  B were  assumed,  i.e., 


kj  = A,  exp  ( Hj/RT)  sec-1  (8) 

and 

B = As  exp  (-KS/RT)  cm/sec,  (9) 

and  where  temperature  was  taken  as  the  Chapman- 
Jouguet  value. 

Our  previous  use  of  equations  7-9  to  define  the 
detonation  reaction  time  tacitly  assumed  that  every 
site  will  react  in  the  detonation  reaction  /.one  even 
when  lateral  rarefaction  energy  losses  occur  (i.c.,  non- 
ideal  detonation).  We  believe  a more  realistic  ap- 
proach to  defining  the  detonation  reaction  time 
would  be  to  identify  the  lateral  rarefaction  as  a 
reaction  quenching  wave  which  originates  at  the  two 
ends  of  the  1 -D  lattice  (i.e,,  at  the  surface  of  the 
explosive  charge),  just  after  passage  of  the  detonation 
front,  and  spreads  inwardly  to  the  center  of  the 
charge.  The  velocity  of  this  quenching  wave  could  be 
approximately  the  local  velocity  of  sound  for  uncased 
charges  and  somewhat  less  than  that  for  cased 
charges,  Unreacted  sites  overtaken  by  this  quenching 
wave  will  no  longer  be  able  to  react,  thereby  decreas- 
ing the  energy  available  for  propagating  the  detona- 
tion. In  the  context  of  site  consumption,  the 
quenching  reaction  will  have  an  effective  first  order 
reaction  rate  given  by 


-(dNj/dt)qucnch 


2CNj 


/m 

L kjNj 
j=i 


(10) 


where  B is  the  linear  velocity  of  the  grain  burning 
wave. 


where  for  uncased  charges,  C is  taken  as  the  local 
velocity  of  sound. 
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Qd/Ql  = 1 - 2a Id 


(16) 


Incorporating  equation  10  into  equation  7,  the 
total  rate  of  consumption  of  sites  of  type  i (i  = 1 , . . 
M)  is  then 


dNj 

“df 


2(BNf  + C) 

£« jNj 

j 


Ni, 


01) 


Tliis  equation  is  somewhat  similar  in  form  to  the 
simple  approximate  velocity  vs.  diameter  equation  of 
Curved  Front  Theory  for  uncased  charges,  i.e., 

D/D|  = 1 - a/d  (17) 


and  th-  time  to  consume  all  sites  is  the  detonation 
time,  r.  ‘ 

With  this  approach,  lateral  rarefaction  leads  to  a 
certain  number  of  unreactcd  sites  of  typjb  i in  the 
detonation  zone,  viz., 


The  relation  between  the  heat  of  detonation,  Qd, 
and  detonation  velocity,  D,  through  C-J  theory  is  gen- 
erally complex  as  will  be  shown  later  in  this  paper; 
however,  a useful  approximation  for  comparison 
purposes  is  Qa  a D2,  so  that  equation  1 6 becomes 

(D/D])2  Si  1 - 2a/d  (18) 


rT  i 2CNi 

(Nj)unrcaclcd  = I dt,  (12) 

Jo  2L.  KjNj 

with  an  associated  total  fractional  energy  loss,  f given 
by 


y->  7T  . 3 f i 3 

L i «i  pfqi  t 
Jn  2. 


Ti  2,CNj 


dt 


•m 


(13) 


where  q;  is  the  heat  of  detonation  per  unit  mass  of 
sites  of  type  i. 

The  overall  heat  of  detonation  of  the  explosive  Qa 
is  simply 


Qd  ■ (l  - QQi  (14) 

where  Qi  is  the  ideal  heat  of  detonation  (i.e.,  for  the 
infinite  diameter  charge. 

It  is  interesting  to  compare  equation  14  for  the 
case  of  a single  component  explosive  with  the  results 
of  other  failure  theories  (2,6).  Taking  M = 1,  equa- 
tion 13  with  C time  independent  leads  to 


f = 2C  r/tljNi  = 2Cr/d  (15) 


Assuming  C to  be  the  Chapman-Jouguet  sound 
velocity,  (D-u),  and  recognizing  that  the  length  of  the 
detonation  reaction  zone,  a = r (D-u),  yields 


Figure  I shows  a plot  of  D/D]  vs.  a/d  for  equations 
17  and  18.  Also  included  arc  the  results  of  Jones’ 
Nozzle  theory  for  uncased  charges  taken  from  refer- 
ence 2.  lire  various  theories  arc  in  rough  numerical 
agreement;  however,  the  downward  curvature  repre- 
sented by  the  Nozzle  theory  has  been  found  to  be  in 
keeping  with  some  experimental  data  (7). 

The  numerical  calculations  arc  based  on  the  agru- 
ment  that  the  kinetic  reaction  time  (equations  7-9)  is 
to  be  evaluated  at  the  Chapman-Jouguet  temperature, 
which  in  principle  can  be  determined  from  Chapman- 
Jouguet  Theory.  From  our  previous  simplified  treat- 
ment of  one-dimensional  C-J  theory,  we  set  down 
directly  the  following  detonation  equations: 


Tor  purpose)  of  numerical  calculation,  it  it  useful  to  tel 
N|  = zero  when  the  calculated  N|(t)  < t. 
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Fig.  1.  D/D[  vs.  a jd  for  Various  Failure  Theories. 


Conservation  of  mass,  momentum  and  energy 
(neglecting  initial  pressure  terms)  (1 ,2): 


D2  = 


PoO  “ pjp) 
u - P/puD 

c,T-c,r„  = Qi4p(i-i 

Chapman-Jouguet  Condition: 

C - D u 


(19) 

(20) 
(21) 

(22) 


reaction  kinetics  on  detonation  behavior.  Also,  we 
present  a comparison  of  calculated  and  experimental 
critical  diameter  data  for  one  of  the  explosive  systems 
treated  in  our  earlier  paper. 

Two-Component  Explosive  System 

Here  we  consider  the  same  "hypothetical  standard” 
granular  explosive  as  given  in  reference  1 . One  com- 
ponent of  the  explosive  is  the  explosive  particles 
themselves  (i  = 1);  the  other  component  is  the  air 
voids  (i  = 2).  Table  1 lists  the  various  input  param- 
eters for  the  calculations.  Several  items  can  be 
pointed  out: 


where  D is  the  detonation  velocity;  u,  the  particle 
velocity,  P,  the  pressure;  p,  the  density;  Cv,  an  aver- 
aged constant  heat  capacity;  C,  the  speed  of  sound  = 
(3P/3p)P;  T,  the  temperature;  and  the  subscript  zero 
refers  to  the  initial  state  of  the  explosive. 

Hquation-of-state  of  the  detonation  products 
(taken  as  a single  component  gas): 


1 . For  convenience,  the  air  voids  and  explosive 
particles  are  considered  equal  in  size. 

2.  Due  to  the  strong  shock  heating  characteristics 
of  air,  the  activation  energy  E2  is  taken  as  zero  to 
reflect  high  localized  shock  temperatures,  and  A2  is 
chosen  to  yield  a fast  constant  heating  time  (~10~10 
sec). 


P(1  - ap)  = p(7-  1 )CVT  (23) 

a - (1  ~ e-b")/p  (24) 

where  a is  a volume  dependent  covolume;  and  b,  a 
constant  (=  1 cm3/gm), 

Tiie  P-p-T  equation  of  state  is  due  to  Cook  (8),  and 
its  validity  can  be  questioned  in  connection  with  C-J 
calculations  for  condensed  explosives.  Our  use  of  this 
cquation-of-state  is  primarily  for  computational  con- 
venience, although  as  an  approximation,  it  is  probably 
in  keeping  with  our  simplified  approach,  and  our 
uncertainty  in  kinetic  constants. 

The  detonation  equations  can  be  solved  explicitly  to 
yield  a “hydrodynamic"  Qd,  which  can  be  compared 
with  a “kinetic”  Qd  determined  from  equations  1 1, 

13  and  14.  This  comparison  is  repeated  over  a 
temperature  range  up  to  the  maximum  temperature 
defined  by  Q(.  Solutions  arc  determined  when  the 
“hydrodynamic”  Qd  is  equal  to  the  "kinetic”  Qd. 


NUMERICAL  RESULTS 

In  this  section,  we  examine  several  solutions  of  the 
kinetic  lattice  model  to  demonstrate  the  effect  of 


3.  The  decomposition  and  grain  burning  kinetics 
for  the  explosive  particles  are  similar  to  those  of 
ammonium  nitrate  (AN).  The  heat  of  detonation  is 
about  four  times  that  of  AN. 

4.  7 was  chosen  to  yield  Dj  ~7000  m/sec  at  p0  = 
1 gm/cm3, 


TABLE  1 


Input  Parameters  for 
“ Hypothetical  Stundrrd  ” Explosive 


pj  = 1 .725  g/cm3 

C'v  = 0.4  cal/g°K 

p2  = 1.176  X IO-3  g/cm3 

7=  1.5 

Kj  =k2  = 2.5  X 10'3  cm 

qi  - 880  cal/g 

T0  = 300°K 

q2  = o 

kj  = 5.56  X 109  exp 

(-40000/RT)  sec'1 

(a) 

k2  = 5 X 1010  sec*1 

B = 300  exp  (-7100/RT) 

cm/sec , 

(a) 

(a)  Reference  9 cite*  k * exp  (-38300/RT)  and  B = 

0.23T  exp  (-7100/RT)  cm/sec  for  NH4N03- 
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Figure  2 depicts  a plot  of  the  numerical  data  for  D 
vs.  for  various  charge  diameters.  It  is  recognized 
that  the  calculated  values  of  I)  at  large  p0  arc  not 
representative  of  real  explosives;  however,  the  trends 
shown  by  the  curves  are  believed  to  be  significant. 

The  curves  represent  steady-state  solutions,  and  we 
sec  that  not  only  arc  there  limited  regions  of  detona- 
tion for  a given  diameter,  but  the  detonation  velocity 
is  multivalued. 

Addressing  our  attention  to  the  higher  velocity 
parabolic  shaped  curves  at  constant  d,  we  see  that  the 
apex  of  the  curves  defines  a critical  diameter-density 
condition  where  no  high  velocity  solution  occurs  for 
Pit  less  than  the  apex  point.  The  dashed  line  through 
these  points  establishes  a failure  curve  in  d vs  p<> 
space  which  indicates  an  explosive  behavior  similar  to 
that  of  the  Group  I explosives  by  Price  (3),  viz.,  dcr 
decreasing  with  increasing  p0.  At  large  diameters 
(c.g.  d = 40  cm),  the  higher  velocity  solutions  while 
still  multivalued  have  no  apex  point  indicating  stable 
detonation  at  all  densities. 


Fig.  2.  Variation  of  Detonation  Velocity  With  Load- 
ing Density  "Standard  Hypothetical"  Explosive. 


Still  referring  to  the  parabolic  shaped  solutions, 
the  failure  curve  defines  two  velocity  regimes  of  deto- 
nation. This  is  identical  to  that  found  in  our  earlier 
work  (1),  and  also  in  the  failure  theories  of  liy ring 
et  al.  (2)  and  Iivans  (10).  It  was  pointed  out  then 
that  the  physical  reality  of  the  solutions  below  the 
failure  curve  is  in  question;  however,  the  solutions 
above  the  failure  curve  should  represent  the  “normal” 
non-ideal  steady-state  detonation  wave.  Indeed,  the 
portion  of  the  parabolic  curves  above  the  failure 
curve  docs  exhibit  Group  I explosive  behavior  (viz,, 

D approaching  D|  as  p()  increases)  consistent  with 
the  critical  diameter  results. 

Let  us  now  give  our  attention  to  the  single  curve  at 
lower  velocity,  which  indicates  a D vs.  p0  dependence 
which  is  far  less  steep  than  the  “normal”  high 
velocity  solutions,  and  which  appears  to  be  inde- 
pendent of  charge  diameter.  This  curve  was  not 
obtained  in  our  previous  treatment  of  the  lattice 
model,  Tire  calculated  fraction  of  energy  release  for 
these  cases  is  quite  small  ( — 0.5  pci),  corresponding  to 
low  C-J  temperatures  (~400  to  600°K)  and  long 
reaction  times  ( — 1 0 psec).  These  values  can  be  com- 
pared with  T(j.j  ~2800°K  and  r ~ 0.5  psec  for  the 
high  velocity  case.  The  behavior  of  the  lower  velocity 
solutions  appears  to  resemble  the  few  experimental 
data  attributed  to  low  velocity  detonation  (LVD)  in 
granular  explosives  (5);  in  particular,  the  relative  con- 
stancy of  the  LVD  wave  velocity  witli  changes  in  d 
and  p0  and  the  fact  that  only  small  amounts  of 
explosive  reaction  are  involved  in  its  propagation. 

It  would  appear  that  the  current  kinetic  lattice 
model  now  yields  solutions  for  both  UVD  and  LVD 
non-ideal  detonations.  However,  it  should  be  pointed 
out  that  in  this  case,  an  apparent  inconsistency  arises 
in  our  treatment  of  the  lattice  model.  Namely,  we 
have  assumed  a single  component  gas  equation-of- 
statc  to  describe  the  C-J  products;  yet,  small  fractions 
of  reaction  such  as  ascribed  to  LVD  imply  the  deto- 
nation products  to  be  mostly  unreacted  solid 
explosive.  At  this  time  we  are  not  certain  how  the 
results  of  our  lattice  model  treatment  depend  on  the 
cquation-of-statc,  particularly  for  a system  of  solid 
detonation  products, 

It  is  now  of  interest  to  examine  the  effects  of 
altering  the  kinetic  constants  for  the  “standard” 
explosive  so  as  to  enhance  the  rate  of  grain  burning 
relative  to  that  of  bulk  decomposition.  Figure  3 
shows  a plot  of  D vs.  p0  for  trie  data  ol  Table  1 
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except  that  kj  (i.c.,  Aj ) has  been  decreased  by  , 
factor  of  10  and  It  (i.e.,  A,)  increased  by  a factor  ol 
10.  We  note  a rather  significant  change  in  the  ; >si- 
tion  of  the  parabolic  shaped  curves.  The  curves  at 
constant  small  d (<  1 0 cm)  still  have  apex  points 
which  define  a failure  curve,  but  the  resulting  dt, 
vs.  p0  relationship  is  opposite  to  that  of  Fig.  2,  viz,, 
dcr  increases  with  increasing  p„.  This  is  exactly  one 
of  the  contrasting  behavior  patterns  which  defines 
Group  II  type  explosives  (.3).  The  “normal"  detona- 
tion solutions  (i.c.,  above  the  failure  curve  in  Fig,  2) 
likewise  exhibit  Group  II  behavior  in  that  D ap- 
proaches D|  as  p0  decreases.  Again,  we  attribute  no 
physical  significance  to  that  portion  of  the  parabolic 
curves  below  the  failure  curve  (at  least  for  the 
present). 

We  also  note  that  Fig.  3 shows  the  same  type  of 
LVD  curve  as  depicted  in  Fig.  2.  Numerically,  they 
are  almost  identical,  thus  indicating  the  LVD  wave  to 
be  insensitive  to  the  IIVD  reaction  kinetics. 


Eig.  3.  Variation  of  Detonation  Velocity  With  Load- 
ing Density  ", Modified  Hypothetical” Explosive: 
Effect  of  Enhanced  Grain  Burning. 


The  above  numerical  results  for  the  “standard" 
explosive  strongly  suggest  that  Price’s  Group  1/ 

Group  II  behavior  can  still  be  accounted  for  by  the 
kinetic  lattice  model,  and  that  the  behavior  depends 
upon  whether  bulk  decomposition  or  grain  burning  is 
the  dominant  mechanism  in  the  detonation  reaction. 
The  current  failure  mechanism  introduced  into  the 
kinetic  lattice  model  suggests  that  the  model  can  also 
account  for  the  existence  of  a stable  LVD  wave  in 
solid  explosives.  Unfortunately  there  is  too  little 
quantitative  data  on  stable  LVD  in  solids  to  afford  us 
a detailed  comparison  of  the  properties  of  such  deto- 
nation waves. 


RDX  Adulterated  Compos*'  . 7 Propellant 

The  attempt  here  is  to  calculate  the  dependency  of 
detonation  velocity  and  critical  diameter  of  a solid 
composite  propellant  which  is  sensitized  with  varying 
amounts  of  RDX.  The  propellant  is  composed  of  GO- 
TO wt  pet  ammonium  perchlorate  (AP),~  15  wt  pet 
aluminum,  and  ~ 1 5 wt  pet  rubber  binder,  with  vary 
ing  amounts  of  IS  p spherical  grain  RDX  replacing  the 
AP,  There  are  extensive  data  on  the  detonation 
characteristics  of  this  system  (1 1,12),  and  it  is  one  of 
the  examples  described  in  our  earlier  treatment  of  the 
kinetic  lattice  model. 

The  lattice  is  constructed  by  assuming  the  propel- 
lant to  consist  of  spherical  propellant  particles  (i  = 1 ) 
with  dimensions  and  reaction  characteristics  defined 
by  the  large  particle  AP  component  of  the  propellant. 
The  RDX  particles  and  air  voids  (0  and  2 wt.  pet) 
form  second  (i  = 2)  and  third  (i  = 3)  components  re- 
spectively. Table  2 lists  the  values  of  the  input 
parameters.  Here  y and  Cv  have  been  chosen  to  yield 
an  ideal  detonation  velocity  of  4620  mcters/scc  for 
the  9.2  wt.  pet  RDX  mixture.  The  kinetic  expres- 
sions for  k|  and  B arc  approximately  those  reported 
for  AP,  having  been  adjusted  somewhat  to  fit  the 
experimental  critical  diameter  at  an  RDX  mass  frac- 
tion fgDX  = 0.0475.  It  is  noted  that  the  RDX 
kinetics  arc  those  reported  by  Robertson  (14),  which 
in  light  of  more  recent  kinetic  studies  (16),  may  not 
be  applicable  to  detonation  conditions.  However,  for 
the  propellant  system,  the  RDX  undoubtedly  reacts 
much  faster  than  the  AP;  hence  the  exact  choice  of 
values  for  A2  and  K2  is  not  too  important.  This  was 
verified  by  the  fact  that  calculations  with  A2  several 
orders  of  magnitude  smaller  than  10i8  sec"1  did  not 
alter  the  numerical  results. 
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TABLE  2 


Input  Parameters  for 
RDX/AP  Propellant  Explosive 


Pl  =p2  = 1.6g/cmJ 

Cv  = 0.3  cal/g- "K 

p3  = 1.176  X 10" 3 g/cm3 

7 = 1.2 

«l  = 1.2  X I0'2  cm 

q i = 260  cal/g 

9.2  = H3  = 3 X I0'3  cm 

q3  = 1 500  cal/g 

T0  = 300°  K 

k|  = 2.15  X 109  exp 

q3  =0 

(-29000/RT)  sec'1 
k.2  = 3.2  X I018  exp 

(a) 

(-  47500/RT)  sec-' 
k3  = 1 X I0I()  sec'1 
li  = 6.2  X 104  exp 

(b) 

( 18000/ RT)  cm-scc-1 

(a;  Reference  13  cites  k = 7.16  X HI10  exp  ( 26000/RT) 
cui/g/sce  lot  A I*  propellant. 

(b)  Reference  14  cites  k * 3.2  X 1018  exp  (47500/RT) 

.sec'1  for  RI)X. 

(c)  Reference  IS  cites  U - 31T  exp  ( 22000/RT)  cm/sec  for 
A I*. 

Figure  4 shows  flic  experimental  and  calculated 
curves  for  the  velocity-diameter  dependence  of  the 
9.2  wt.  pci  RDX  case,  and  Table  3 lists  the  results  for 
the  variation  of  critical  diameter  with  mass  fraction 
of  RDX  content  (0  < Irux  0.092).  The  agreement 
between  experiment  and  theory  is  quite  good  consid- 
ering the  fact  that  only  two  data  points  (viz.,  D\  for 
I'rdx  = 0.092,  and  dcr  for  Crux  = 0.0475)  were  used 
for  evaluating  the  many  parameters.  No  attempt  was 
made  to  optimize  this  curve  fit  by  further  adjust- 
ments in  the  AI*  kinetic  constants.  While  this  prob- 
ably could  be  readily  accomplished,  it  was  felt  the 
result  would  not  be  too  meaningful  in  view  of  the 
simplifications  involved  in  our  treatment  of  the  C-J 
state. 

It  is  noted  from  Table  3,  that  somewhat  better 
agreement  with  experiment  is  obtained  if  the  propel- 
lant is  assumed  to  contain  2 wt  pet  air  voids.  This 
result  is  identical  to  our  previous  findings  and  consis- 
tent with  the  data  interpretations  presented  by  li 
original  experimental  Investigators  (1 2). 

CONCLUSIONS 


Tire  inclusion  of  a fust  order  quenching  wave  term 
in  the  kinetic  lattice  model  equations  lias  been  shown 


TABLE  3 


Comparison  of  Critical  Diameter 
Data  for  RDX-Adulterated  Propellant 


(u)  Reference  12 

(b)  Single  lest  al  euelr  diameter. 


f.HAMGf  WAMI  II  It,  d,  mi 


i'ig.  4.  Comparison  of  Velocity -Diameter  Dependence 
for  9.2  wt  pet  RDX-Adulterated  Propellant. 


to  result  in  a self-contained  failure  theory  for  the 
detonation  of  heterogeneous  explosives.  While  our 
calculations  to  date  with  the  model  arc  quite  limited 
and  involve  niany  simplifications,  the  results  can  be 
deemed  very  promising  on  the  basis  that  the  observed 
non-ideal  detonation  behavior  of  granular  solid  explo- 
sives Is  encompassed  by  the  model,  lids  includes  not 
only  the  contrasting  Group  1/CJroup  II  patterns 
described  by  Price,  but  also  as  a distinct  possibility, 
the  phenomena  of  Low  Velocity  Detonation.  This 
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Diameter  of  the  Charge,”  Proc.  Roy.  Soc. 
(London),  Vol,  A189,  pp.  415-426  (1947). 
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! 

I 

1 
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latter  point,  however,  must  be  considered  in  much 
further  detail  than  we  have  undertaken  here,  particu- 
larly with  regard  to  the  nature  of  the  P-p-T  relation 
for  the  Chapman-Jouquet  state,  which  appears  to  he  a 
solid/gas  mixture. 

With  regard  to  a priori  prediction  of  non-ideal 
detonation  behavior  of  arbitrary  explosive  mixtures, 
that  is  still  a long  way  off,  particularly  in  view  of  the 
dearth  of  required  chemical  kinetic  data.  However, 
the  results  to  date  would  indicate  that  the  kinetic 
lattice  approach  offers  a possible  direction  to  pursue 
in  achieving  this  goal. 
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PERTURBATION  METHODS  APPLIED  TO  PROBLEMS  IN  DETONATION  PHYSICS* 


J.  B.  Bd/.il 

Los  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico  87545 


A theoretical  study  of  an  explosive  which  releases  a small  fraction,  b2,  of  its  total 
energy  via  resolved  reactions  is  presented.  7 Vvr;  separate  problems  are  treated. 

First,  a time-dependent  one-dimensional  unsupported  detonation  is  considered.  It 
is  shown  that  to  0(b)  the  detonation  is  a reactive  simple  wave.  The  particle  veloc- 
ity profiles  are  calculated  for  a model  explosive.  Second,  the  detomtion  edge  effect 
for  a steady-state  semi-infinite  unconjined  detonation  is  considered.  It  is  shown 
that  the  near-field  flow  is  dominated  by  the  ITandt l-Meyer  singularity,  whereas  the 
far-field  flow  Is  controlled  by  the  reactivity  and  streamline  divergence.  The  shock 
locus,  sonic  locus,  and  limiting  characteristic  are  calculated  and  the  effects  of  con- 
finement are  discussed. 


I.  INTRODUCTION 

Detonation  physics  is  primarily  concerned  witli 
understanding  the  rather  complex  subject  of  reac- 
tive nonlinear  hydrodynamics.  As  a result  of  this,  the 
number  of  analytic  solutions  describing  detonation 
problems  is  very  small.  In  part,  this  has  led  to  a heavy 
reliance  on  numerical  solution  methods  for  these 
problems.  By  their  very  nature,  these  methods  arc 
only  marginally  suitable  for  parameter  variation 
studies;  thus  they  often  provide  little  or  noguidancc  as 
to  the  nature  of  the  governing  physics. 

For  a small  class  of  problems,  analytical  solutions 
can  be  found  using  modern  singular  perturbation 
theory.  The  purpose  of  this  paper  is  to  describe  the 
underlying  scaling  principles  of  these  methods,  and 
to  show  how  they  filter  the  relevant  physics  from 
the  full  governing  equations.  As  examples,  we  con- 
sider two  problems  that  have  as  a small  parameter 
52,  the  fraction  of  the  total  energy  released  via 
resolved  reactions. 


In  section  II,  we  examine  a one-dimensional  time- 
dependent  detonation.  We  show  that  to  lowest  order 
in  the  perturbation  (5),  the  evolution  of  the  detona- 
tion proceeds  as  if  it  were  a simple  wave  with  inde- 
pendent variables  x and  6t.  A straightforward  appli- 
cation of  the  method  of  characteristics  to  the  resulting 
equations  allows  us  to  study  a wide  class  of  simple 
wave  problems, 


In  section  III,  we  examine  a steady  two-dimensional 
detonation.  We  show  dial  for  an  unconfincd  semi- 
infinite  detonation,  the  physical  space  divides  Itself 
into  two  distinct  regions.  Very  near  the  edge  (inner 
problem)  the  flow  is  nearly  a free  unreactivo  expan- 
sion with  x/61^3  and  5*/3y  being  the  independent 
variables,  where  y is  the  distance  into  the  charge  from 
the  edge.  Away  from  the  edge  (outer  problem)  the 
reactivity  and  streamline  divergence  enter  equally 
with  x and  6y  being  the  independent  variables.  We 
determine  the  shape  of  the  shock  and  sonic  loci  and 
study  the  effects  of  confinement  on  the  detonation. 


II.  A TIME-DEPENDENT  DETONATION 


where 


A.  Statement  of  the  Problem 

Most  of  tho  experiments  flint  have  been  performed 
on  explosives  were  designed  to  measure  the  param- 
eters contained  In  the  ( hupmun-Jouguot  theory. 

When  applied  to  unsupported  detonations,  this  theory 
makes  the  following  assumptions:  (I)  Initially  the 
right  half-space  (x  > 0)  is  occupied  by  a quiescent 
fluid  at  a density  p0  which  Is  In  a slute  of  motuslahle 
chemical  equilibrium; (2)  at  lime  t 0 a piston,  which 
is  originally  at  x ~ 0,  is  impulsively  brought  to  a ve- 
locity u*  >0  and  then  withdrawn  producing  a planar 
shock  wave  followed  by  a rarefaction;  (3)  on  passing 
over  the  initially  quiescent  fluid  the  shock  initiates  an 
instantaneous  chemical  reaction,  of  specific  Internal 
energy  q(  I ft2),  which  then  supports  a classical  de- 
tonation with  a pressure  P*  and  a velocity  'P*;(4)  in 
terms  of  this  model  the  parameters  /;0,  ,p*;and  P* 
completely  characterize  the  flow,  In  this  section,  we 
will  consider  the  consequences  of  releasing  an  addi- 
tional small  amount  of  energy  qft2  to  the  How  on  a 
relatively  slow  time  scale. 

We  limit  our  discussion  to  the  following  constitu- 
tive relations:  a poly  tropic  equation  of  slute 
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in  the  above  equations  t'  Is  the  scaled  time  (kt),  £'  Is 
the  scaled  distance  coordinate  In  the  shock  frame 
(7+  IJkfArJ)*,  u'  Is  the  scaled  particle  velocity  In 
the  laboratory  frame,  c'  Is  the  scaled  sound  speed,  p 
Is  the  scaled  density  7/(7  + I )/>„,  and  ID '( t ' ) is  the 
scaled  detonation  velocity.  To  simplify  the  notation, 
the  primes  will  be  dropped, 

Equations  (2.3),  (2.4),  (2.5),  the  initial  condition 
of  an  impulsive  piston,  and  the  shock  conditions 
serve  to  completely  describe  the  problem  we  wish  to 
consider.  In  the  limit  ft  ► 0 the  solution  is  u simple 
wave  known  as  a Taylor  wuve,  We  will  show  that  for 
ft  sufficiently  small  the  solution  Is  u reactive  simple 
wave. 


If  . J-j-*  + qfi2(l  - M q,  (2,1) 

7-1  l> 

where  l.i  Is  the  specific  internal  energy,  I’  is  the  pressure, 
p is  the  density,  7 Is  the  adlahutic  exponent,  and  a 
slate-independent  square-root  rate  law  (0  < X s I ) 

r * k( I X)1/2  , (2.2) 


where  k is  a constant  rule  multiplier.  Neglecting  all 
transport  processes,  the  la  d equations  for  our  time 
dependent  one-dimensional  flow  (shock  fixed  coor- 
dinates) are 
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I).  Reuetlve  Simple  Wave 

Since  we  are  considering  a system  for  which  ft  Is 
small,  II  is  natural  to  seek  a solution  to  the  sluled 
problem  as  u regulur  asymptotic  expansion  In  ft 

u - ~ + u<())  i ftu(1)  + ft2u(2)  + ...  ( 2 . H ) 

c c(t))  + fic(1)  + ft2c<2)  + ....  etc.  (2,9) 

A straightforward  calculation  gives  us  u,2)  t for  I 
large.  Thus,  for  times  greuter  than  ft"2  liq.  (2.S)  no 
longer  gives  us  an  asymptotic  representation  of  the 
solution.  Examining  the  governing  differential  equa- 
tions, wo  find  that  the  soculurlty  In  u<2)  urlses  because 
tho  equations  for  the  perturbations  are  lineur.  It 
follows  that  for  long  times  they  do  not  contain  tho 
nonlinear  convochve  effects  that  bound  reactive 
growth,  Physically,  we  cun  understand  this  with  tho 
aid  of  the  Muster  Equutlon  (1).  it  stutes  that  the 
growth  of  tho  shock  pressure  Is  tho  difference 
between  tho  rute  of  energy  input  of  the  reactions 
minus  the  rate  of  onorgy  loss  to  the  following  flow. 
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When  the  flow  is  sonic,  as  it  is  in  our  unperturbed 
flow,  the  loss  rate  is  zero.  Introducing  fit  as  a time 
scale  into  the  Master  Equation  leads  to  bounded 
solutions  (I).  This  suggests  that  in  addition  to  t,  we 
should  include  fit  as  a time  scale.  Using  the  method 
of  multiple  time  scales,  we  will  show  (hat  a bounded 
solution  can  be  found  to  our  differential  system  (2). 

We  begin  by  formally  integrating  Eq.  (2.3)  and 
then  using  the  results  to  rewrite  Eqs.  (2.4)  as 


7 + 1 c 
27  7(7-1) 


At  0 (6),  we  And 


x(T!r,^/^d'”)t0(82)' 


where  R+  are  the  Riemann  variables 


R*  — ~c±  u 
7-1 


(2.10) 


(2.H) 


und  / dt„  denotes  an  integral  taken  ulonga  particle 
path,  hollowing  in  the  spirit  of  the  multiple  time 
scale  method,  we  introduce  the  time  scales 


y(l)  „ 111  fift;  i = 0,1,2,  ...  (2.12) 

and  assume  that  Eqs.  (2.8)  and  (2.9)  depend  explicitly 
on  all  of  these  times  as  well  as  f.  The  characteristic 
derivatives  become 


_JL_  = JL_  + ||-  /u(0)  ± c(0h]  <L 

7+1  Dt  3y(0)  1 ( 3f 


JL  - 2 (u<»±c(1>)i.l  + .... 

dy«>  ?+> 

(2.13) 


Focusing  our  attention  on  the  negative  Riemann 
variable,  we  find  that  at  0 (1)  Eq.  (2.10)  is  easily 
integrated.  Since  all  the  negative  characteristics 
emanate  from  a region  whose  state  is  at  tfiost  specified 
by  the  variables  y<< ),  y(J), . , , 

R(_0)  « g(0)(y(1),  y(2), ...).  (2.14) 
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(2.15) 


To  avoid  the  secular  behavior  in  Eq.  (2.1 5),  we  set 


R(_0)  = W2), ...). 
Proceeding  to  O (fi2),  we  get 

r<_2)  = g(2)(y(l),  y(2), ...) 


(2.16) 
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and  we  have  taken 


ag^  + = 

dy(2l 


(2.19) 


to  avoid  the  appearance  of  a secularity.  Using  these 
results,  the  positive  Riemann  variables  can  be  written 


R<°>  = 2u(0)  + g<0)(y<2>,...) 


(2.20) 


Rf)  - 2u<"  - *?,</»...). 

(2.21) 

Requiring  Eq.  (2.21)  to  remain  bounded,  we  arc 
forced  to  set  (9g(°)/dy(2))  = 0,  which  gives 

R(„0>  = g(0)(y^3),  ..,),  R(D  = gU)(y(2)  . .), 

(2.22) 

Therefore,  to  O (6)  the  flow  is  a simple  wave  for  the 
scales  yFh  and  yU ), 


. Xhrr 


354 


Turning  our  attention  to  the  equations  governing 
the  positive  Riemann  variables  and  arbitrarily  setting 
u<°>  = 0 and  c(°)  = 1 , we  find 


9UC. * * * * * (1)  1 

. -uu;  — 
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<2 


, 2<f  , 

(2.23) 


Solving  Eq.  (2.23)  subject  to  the  relevant  boundary 
and  initial  conditions,  we  find 

u(1)=^tanh(^-)-|?coth(^r), 


0 < f < 2 


-L.-L 
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2 < £ . (2.24) 


Substituting  Eq.  (2.24)  into  Eq.  (2.8)  gives  us  an 
asymptotic  representation  of  the  solution  which  is 
valid  over  the  entire  physical  region. 


C.  Discussion 

The  effects  that  a small  fraction  of  resolved  energy 
release  can  have  on  a detonation  can  best  be  appre- 
ciated by  considering  an  example.  We  take 

<J)  * = 8.8  mm/MS,  7 = 3.0  (2.25) 

82  = 0.06  , k = 2 ms-1  • (2.26) 

Figures  2.1  and  2.2  compare  the  particle  velocity 
profiles  to  the  reference  Chapman-Jouguet  detona- 
tion for  6 ms  and  30  ms  of  run.  Two  features  of  the 

flow  deserve  special  attention:  (1)  adding  only  6% 
of  the  total  energy  via  a slow  reaction  results  in  a 
27%  increase  in  the  particle  velocity  at  the  shock, 
and  (2)  after  30  ms  of  run,  the  final  steady-state  lias 
not  been  reached.  Therefore,  changes  of  O (62)  in 

the  detonation  energy  (i.e,,  the  Chapman-Jouguet 
state)  produce  changes  of  O (£)  in  the  shock  state. 


t<6Mt 


end  of  reaction  zone 


j 1,5 
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E 
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Fig.  2. 1.  A comparison  of  particle  velocity  vs  distance 
profiles  for  a Chapman-Jouguet  detonation  (-  -)  and 
Fq.  (2.24)  (-). 
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Fig.  2.2.  See  Fig.  2.1. 


Also,  the  rate  at  which  the  steady-state  is  approached 
is  measured  in  unitr.  of  (fik)-1 . Consequently,  even 
if  only  a small  amount  of  the  available  energy  in  a de- 
tonation is  released  relatively  slowly,  the  deviations 
from  the  Chapman-Jouguet  model  will  be  large. 


III.  EDGE  EFFECTS 

A.  Statement  of  the  Problem 

Consider  a steady  detonation  of  velocity  !D  prop- 
agating in  the  positive  x-direction.  The  explosive  sup- 
porting the  wave  is  taken  to  be  semi-infinite  with 
explosive  occupying  the  half-space  y < 0 and  a 
vacuum  for  y > 0 (see  Fig,  3,1). 

If  we  assume  a Chapman-Jouguet  detonation,  an 
observer  riding  with  the  shock  would  see  a flat  shock 
Cy-uxis),  along  which  the  flow  would  be  exactly  sonic. 
Behind  the  shock  he  would  see  a Prandtl-Moye.  *'un 
originating  from  a singularity  ut  y - 0. 


Tig.  3. 1.  A schematic  representation  of  the  detona- 
tion edge  effect.  The  shocks  ( both  C-J  and  resolved) 
are  double  tines,  The  Prandtl-Mcyer  fan  Is  represented 
by  the  dashed  lines. 


For  the  case  of  a resolved  reaction  zone,  the  flow 
at  the  intersection  of  the  shock  with  the  x-axis  must 
again  be  locally  described  by  the  Prandtl-Meycr 
singularity.  This  requires  that  the  llow  at  the  shock 
be  sonic  at  y - 0,  which  in  turn,  requires  that  the 
shock  rnuke  an  ucute  angle  with  the  positive  x-axis, 
Proceeding  into  the  explosive  along  the  shock,  the 
effects  of  the  singularity  diminish,  and  leave  in  the 
limit  an  undisturbed  one-dimensional  flow  with  a 
subsonic  shock  which  Is  parullel  to  the  y-axls.  In  the 
intervening  region  (~-°°  < y < 0)  the  shock  must 
smoothly  connect  these  two  limits  with  some  analytic 
form.  The  purpose  of  this  section  Is  to  describe  the 
structure  of  the  region  of  reactive  flow,  Including  the 
determination  of  the  shock  shape,  sonic  locus,  and 
limiting  characteristic.  For  the  general  case,  the 
analysis  of  this  problem  Is  difficult.  However,  we 
will  ugaln  find  thut  In  the  limit  ofsmuil  5 2 (the  re- 
solved energy  release  fraction)  u perturbation  solu- 
tion is  possible.  In  tills  limit,  progress  becomes  pos- 
sible boeuuso  we  are  deuling  with  a nearly  sonic 
transonic  flow. 

U.  Preliminary  Considerations 

Assuming  that  ull  transport  processes  cun  he 
neglected,  the  Held  equations  for  our  steudy  two- 
dimensional  plane  flow  (shock  fixed  coordinates)  ure 


A'Guy)  ■ 0 
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(3.2) 

t>  " 

2U’A p •»  -.j  q/i2r 

(3.3) 

“P 

U'AX  « r, 

(3.4) 

whore  p is  the  density,  u is  tho  particle  velocity  relative 
to  tho  shock  velocity,  P Is  the  pressure,  c Is  the  sound 
speed,  E Is  the  specific  internal  energy,  q is  to  total 
onergy  release  due  to  chemical  rcuctlon,  r is  tho  rate 
of  rcuctlon  and  X is  the  reaction  progress  variable 
(X  ■ 1 ut  the  end  of  rcuctlon).  Since  we  wish  to  study 
the  general  features  of  the  (low,  we  limit  our  dis- 
cussion to  tho  following  constitutive  relations:  u poly- 
tropic equation  of  state 

11  "ZTT  £ + qfi2(>-A)-q.  (3.5) 

7+1  H 
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whore  y Is  the  adiabatic  exponent,  and  a state- 
independent  square-root  rate  law 

r = k(l  - X)1/2  , (3.6) 

where  k is  u constant  rate  multiplier.  Alter  a straight- 
forward transformation  (see  Serrin  (3)),  liqs.  (3.2) 
and  (3.3)  become 

H l/  -y‘£2,  (3.7) 


where  II  ~ li  + l*//j  and  we  iiave  assumed  the  How 
ahead  of  the  shock  is  both  homoencrgctic  und  at  zero 
pressure,  and 


'V"‘  <)c2 


f)x  i)  y 
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(3,8) 


und  tangential  jump  conditions  are  satisfied  (curve  1); 

(2)  at  y ->  the  streamline  flow  is  that  of  the  cor- 
responding one-dimensional  problem  (curve  2);  and 

(3)  along  the  cross  characteristic  encircling  the 
Prandtl-Meyer  singularity,  the  (low  is  that  of  an  inert 
simple  wave  (curve  3).  A schematic  representation  of 
the  boundary  is  shown  in  l*ig.  3.2.  Prom  a physical 
standpoint,  applying  these  boundary  conditions  seems 
quite  natural. 


where  und  SI  * (3uy/()x)  - (3ux/<)y)  Is  the  vortlcity 
which  Is  directed  into  the  plunc  of  the  puper.  Using 
liqs.  (3,2),  (3.3),  und  (3.7)  wo  can  rewrite  liq.  (3.1)  us 


big.  3.2 . A schematic  representation  of  the  boundary 
curves  for  the  edge  effect  on  a reaction  zone;  ( 1 ) the 
shock,  (2)  streamline  at  infinity,  (3)  cross  character- 
istic, The  dashed  line  represents  the  sonic  locus. 
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liquations  (3.6),  (3.7),  (3.8),  und  (3.6)  serve  as  the 
working  equations  for  our  analysis.  They  arc  partial 
differential  equations  of  mixed  type.  In  regions  of 
suporsonle  How,  they  are  of  hyperbolic  type;  whereas 
in  regions  of  subsonic  (low  they  ure  of  elliptic  type, 
formulating  the  boundary  value  problem  for  such  a 
system  requires  some  cure.  The  Tricoml  equation 

2XX  + xSyy  = 0 , (3.10) 

which  is  the  simplest  equation  of  mixed  type,  serves 
as  a guide  (4).  It  can  be  shown  that  if  the  potential 
2 is  specified  along  some  smooth  curve  in  the  sub- 
sonic region  (x  > 0),  which  originates  and  terminates 
on  the  sonic  locus  (x  - 0),  und  also  along  a character- 
istic in  the  supersonic  region  (x  < 0),  which  is  joined 
to  one  of  the  end  points  of  the  boundary  for  x > 0, 
then  liq.  (3.10)  has  a unique  solution.  Translated  to 
the  problem  at  hand,  we  are  led  to  require  that: 

( 1 ) along  the  shock  (free  boundary)  both  the  normal 


Of  these,  the  shock  conditions  need  some  special 
consideration.  We  begin  by  defining  the  equation  for 
'.lie  shock  locus 


x--tK  y),  (3.1D 

in  terms  of  which  the  tangent,  t and  the  normal,  n to 
the  shock  surface  arc 


The  jump  conditions  across  the  shock  require  that  the 
following  relations  hold: 

P+(  u*n)+  = p0(u*n)o  (3.14a) 

(u-t)+  = (u-t)0  (3.14b) 
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P+  + p+(u  • n)+  = p0(u  • n)o  . (3.14c) 


Since  the  state  ahead  of  the  shock  is  quiescent  in  the 
laboratory  frame,  Eqs.  (3.14)  may  be  rewritten  as 


Po  „ y 1 
p+  y * 1 7+1 


Jy+ 


= (Uv+  + ») 


d<// 

dy 


(3.15a) 

(3.15b) 


u 


x+ 


7 

7 + 1 


^./■“'42>K#)2)  H*)2} <3i5e) 


Using  the  result  of  Hayes  (5),  the  vorticity  jump 
across  the  shock  is 


Since  we  must  require  that  the  shock  shape  is  a smooth 
convex  function,  Eq.  (3.17)  serves  as  an  upper  bound 
on  the  shock  slope.  Recalling  that  the  energy  release 
fraction  is  52,  Eq.  (3.17)  shows  that  the  shock  slope 
is  sensitive  to  the  amount  of  resolved  energy  release, 
particularly  for  small  values  of  82.  From  the  vorticity 
jump  condition  we  find  that  £2+  is  proportional  to 
the  product  (dt///dy)(d2^/dy2).  Assuming  that  the 
shock  curvature,  d2i///dy2,  is  also  0(6)  then  J2+  is 
0(6 2).  Since  the  right-hand-side  of  Eq.  (3.8)  is  at 
most  0(6 2),  Eq.  (3.8)  requires  that  the  velocity  be 
<0(6 2).  Therefore,  it  seems  likely  that  for  6 suffi- 
ciently small  we  will  be  able  to  consider  the  flow  as 
irrotational. 

In  the  analysis  of  the  flow  equations,  we  will  find 
it  convenient  to  be  in  a coordinate  system  in  which 
the  flow  at  the  edge  (y  = 0)  is  directed  along  a single 
coordinate  axis.  We  select  the  direction  of  flow  at 
the  sonic  point  on  the  shock  as  our  new  x-axis  (xw) 
with  the  new  y-axis  (yw)  being  perpendicular  to  it. 
Because  the  How  is  locally  a Prandtl-Meyer  expan- 
sion, the  sonic  locus  coincides  with  yw  at  y = 0.  In 
this  system,  the  velocities  are 

uxw  = ux  cos  co  - Uy  sin  co  (3.19a) 

uyw  = ux  sin  cu  + Uy  Cosw,  (3.19b) 


_ (1 -p0/p+)23)(diJ//dy)(d2i/'/dy2) 

£2+ - , 

Po/P+U  + (d^/dy)2] 

(3.16) 

where  the  flow  ahead  of  the  shock  is  irrotational. 
Equations  (3.1  5)  and  (3.16)  provide  all  the  necessary 
boundary  conditions  along  the  shock.  Unfortunately, 
the  shape  of  the  shock  is  not  known  a priori,  so  that 
at  this  point  in  the  calculation,  they  are  of  only 
limited  usefulness.  The  slope  at  the  sonic  point  on 
the  shock  can  be  calculated  by  substituting  Eqs, 

(3.1 5b)  and  (3.15c)  into  Bernoulli’s  law  [Eq,  (3.7)] , 
and  setting  e2  = [u  |2.  We  obtain 


(72  - 52)1/2 

(7  + 62) 


(3.17) 


where  for  later  convenience  we  introduce 


with  the  rotation  angle  given  by 


sin  01  = 8/7.  (3.19c) 

In  these  new  coordinates,  the  shock  velocity  jump 
conditions  are 

^ (y  + 62) 

UXW+%[(7  + «2)2  + «?(72-«J)(l-02] 


x 2(1  - t)  — 


62(72-S2)(l  ~c)2 
(7  + S2) 


(7  + 6 2e) 
(7  + S2) 


•y/(7  + 62)2  - (1—  5 2 ) (72  - 6 2 ) ( 1 -e)2 


(3.20) 


**yw+ 


S 

(72-62)>/j 


(7  + 62)  + (72 -S2)(l -()  ~ 

L (7  + i2)  - 6 2(1  - e)  UxW+ 


£ -0-0  (59  ' 0-"> 


6(7+  s2)* 

(72.S2)‘/2[(7  + 62)-62(l  -e)j  ’ 


(3.21) 
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where 


uxw  ~ * + uxw  (3.22) 

and  the  velocities  in  Eqs,  (3.20).  (3.21),  and  (3.22) 
have  been  scaled  by  10  (72  - 62)^2/(7+  1).  In  the 
following  sections,  we  will  use  the  method  of  matched 
asymptotic  expansions  to  find  a solution  to  the  stated 
problem  in  the  limit  of  6 small.  To  simplify  the  nota- 
tion, the  subscript  w and  tildes  will  be  dropped. 

C.  The  Outer  Problem 

In  applying  a perturbation  method  to  the  solution 
of  a problem,  there  are  two  essentially  unique  steps. 
The  first  is  the  determination  of  the  form  of  the  ex- 
pansion of  the  dependent  variable  in  terms  of  the 
small  parameter.  The  second  is  the  scaling  by  the 
small  parameter  of  the  independent  variables.  For 
the  problem  we  are  considering,  the  shock  jump  con- 
ditions argue  strongly  that  an  expansion  of  the  de- 
pendent variables  in  integral  powers  of  6 should  be 
tried.  Requiring  that  any  solution  that  we  generate 
include  a sonic  transition,  the  effects  of  reactivity, 
and  streamline  divergence,  suggests  that  the  inde- 
pendent variables  be  x and  6y.  Physically,  we  can 
understand  the  scaling  of  the  independent  variables 
as  follows.  Far  from  the  edge  we  can  expect  the 
distance  from  the  shock  locus  to  the  sonic  locus  to 
be  near  the  undisturbed  one-dimensional  value  which 
goes  as  x.  Since  the  reaction  zone  is  only  slightly 
subsonic  in  the  small  6 limit,  the  flow  at  the  shock 
changes  from  sonic  at  the  edge  to  only  slightly  sub- 
sonic at  great  distances  from  the  edge.  Therefore,  the 
sonic  character  of  the  flow  is  nearly  the  same  every- 
where so  that  there  is  little  to  differentiate  the  near 
from  the  far  fields.  The  scale  6y  has  this  property. 

We  proceed  with  the  perturbation  solution  by 
assuming  that  the  dependent  variables  possess  the 
following  asymptotic  expansions 


6u^  + S2u(x2)  + ... 

(3.23) 

6ulyl)  + 62u<,2)  + ... 

(3.24) 

1 + 5(c2)^*  + 62(c2)^  + ... 

(3.25) 

/ \<l)  / \(2) 

^ + af  / + 62(— ) + ... 

7+1  \P/  \PJ 

(3.26) 

X = X<0)+  6X(1)  + S2X<2>  + ...  (3.27) 

e = e(0)  + 5gU)  + 62e(2)  + . . . , (3.28) 

where  c2  has  been  scaled  by®  2(72  - 6 2 )/('y  + l)2. 
The  independent  variables  are  taken  to  be 


* (7+l)k 

x = 

$(72  "62)1/2 


(3.29) 


_*  _ . (7+i)k  „ 

y 2)  (72  - 62)1/2 


(3.30) 


(The  asterisks  will  be  deleted  from  our  notation). 
Since  the  reaction  zone  we  are  considering  is  of  finite 
length,  it  is  necessary  to  transform  to  X,  y as  the 
independent  variable  set  to  insure  that  the  amount 
of  energy  added  in  the  reaction  zone  is  compatible 
with  the  value  of  ®.  The  differential  operators  are 
thus  replaced  by 


a ( ax(0)  ,ax(1)  \ a_ 

Sx  \ 9x  ax  • 1 7 ax 


(3.31) 


a 

8y 


6 


ax^ 


+ 


+ 


a_ 

ax- 

(3.32) 


Substituting  Eqs.  (3.27)  and  (3.6)  into  Eq.  (3.4)  and 
setting  to  zero  the  terms  of  0(1)  and  0(6),  we  get 
equations  for  X^  and  X^ 


0(1)  = "(1 -X(0))1/2  (3.33) 

m x(1)o  -x<0)r1'2 . 

(3.34) 

Equation  (3.33)  can  easily  be  solved,  yielding 


X<°>  = 1 - 


(3.35) 


where  x,(y)  is  the  shock  locus.  Before  we  can  integrate 
Eq,  (3.34)  u<l>  must  be  found. 

Wc  begin  the  analysis  of  our  system  by  first  elimi- 
nating c2  by  applying  Bernoulli’s  law  [Eq.  (3.7)] 
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0(6)  (c2)<1)«(7-I)u£1> 

0(6 2)  (C2)(2)=(7-D 


(3.36) 


_I(U<D)2  + I ZJLi L_1 

2^  j 2 7-l(r2_52)J 


(3.37) 

Using  Eqs,  (3.28)  and  (3.32)  it  follows  that  the  vortic- 
ity  jump  is  0(6  3).  From  the  definition  of  the  vor- 
ticity  it  then  follows  that 


0(6) 

V Uy 

IT 

= 0 

(3.38) 

0(62) 

3X(0) 

3X(y°> 

_ ^ 

3X<°>  n 

3x 

3X 

3y 

— = o 

3y  3X 

(3.39) 

Making  use  of  Eqs.  (3.33)  through  (3.39),  we  find 
that  Eq.  (3.9)  becomes 


0(6  2) 


u 


<li  au^ 


1 


3u<» 


I 


X 9X  (7+0(1  -X)‘/2  ^ ’ 272 

(3.40) 


0(63) 


,(1) 


ax(1>  nf0)  du?> 

, 3x  3X  3x  3X 

X 1 dX(0>  Kl)  2 m ax<°> 
2^2j  3x  3X  7 + 1 Uy  3x 

/3u y2)  ax(0)  3uy2)^ 


3u<2> 


3X 


7 + 1 \ dy  ' 3y  3X 


I 


(^t)u 


(1)-^-  = o 

9y 


(3.41) 


plus  higher  order  terms.  Expanding  the  shock  condi- 
tions [Eqs.  (3.20)  and  (3.21)] , we  get 


0(6) 


u^V  = \ v/l  -O-e(0))2  (3.42) 


un)  = _>(0) 


(3.43) 


0(62)  uO)u<2)  = -^(l-e(°))u|,2)  (3.44) 


«(D 


(3.45) 


The  remaining  boundary  conditions  require  that  the 
flow  approach  the  one-dimensional  limit  as  y -*• 
and  a Prandtl-Mcyer  singularity  at  y = 0,  x < 0. 

The  lowest  order  equations  [Eqs.  (3.38)  and 
(3.40)]  can  be  integrated  without  difficulty.  Since 
u£0  is  independent  of  X,  Eq.  (3.40)  can  be  treated 
as  a first  order  ordinary  differential  equation  (O.D.E.) 
in  X.  As  such  it  can  satisfy  only  one  boundary  con- 
dition (shock  condition)  and  the  Prandtl-Meyer  con- 
dition must  be  dropped.  This  then  serves  as  the 
definition  of  the  outer  limit  of  the  full  problem: 

Outer  Problem.  The  system  of  O.D.E.  [Eqs. 
(3.40),  (3.41),  etc.]  and  the  shock  boundary 
conditions  which  together  describe  the  flow  far 
from  the  Prandtl-Mcyer  singularity. 

Solving  Eq.  (3.40),  we  get 

du(1) 

(ut'1)2  - (utyy “♦  -fj  — ii  - (I  -x)i/2i 


m - ( i - mi  . 
y2 


(3.46) 


where  u^V  and  u^.1 1 arc  known  functions  of  el°l(y). 
Now,  if  Eq,  (3.46)  is  to  be  an  acceptable  solution  to 
our  reactive  flow  problem,  it  must  have  the  following 
properties:  (1)  u^1 1 must  be  real,  and  (2)  u^1  > must 
be  equal  to  zero  (sonic  flow)  at  some  point  in  the 
reaction  zone.  These  can  be  considered  as  a gener- 
alized Chapman-Jouguet  condition.  Requiring  this 
of  Eq.  (3.46)  gives  us  a differential  condition  on 
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l-ltrm  outtr  solution 


^ = 1 ~ y/\  ~ (1  ~e(0>)2  , (3,47) 


where  /.  = -(7+  l)y/27-  Integrating  Eq.  (3.47)  and 
requiring  that  e(0)(0)  = 0 gives  us  an  implicit  expres- 
sion for  the  shock  slope 

ton(f  + f)-  O +0J  » •/,  (3.48) 

wlicrc  cos  0 = 1 - e(0).  Transforming  Eq.  (3.18) 
into  the  edge  sonic-line-fixed  coordinates  and  inte- 
grating, we  get  a first  approximation  to  the  shock 
locus 

2 / ir  0\ 

Xj  =__.  tan(_  + (1  +0)  - -ysinfl 

-7  In  (I-  sin  0)  . (3.49) 


(3.49) 


Therefore,  the  first  approximation  to  the  outer 
velocity  field  is 


* -sinfl  - i |1  - (1  - A)1/21  (3.50) 


uj,1 } (1  - COS  0) , 

where  A - 0 at  the  shock. 


(3.51) 


We  find  that  the  above  solution  has  the  following 
properties: 

(1)  The  solution  merges  into  the  one- 
dimensional flow  as  y -*  -00. 

(2)  The  distance  (along  the  laboratory  x- 
coordinate)  from  (0,0)  to  the  lead  point 
on  the  shock  is  infinite  (for  the  square-root 
rate  law). 

(3)  The  sonic  line  enters  (0, 0)  with  infinite 
slope  instead  of  the  required  zero  slope. 


-2  ii — 

-100.1 


-69.3  - 36.6 

8 y(mm) 


Tig.  3.3.  I -term  outer  solution.  The  shock  locus 
(upper  curve)  and  the  sonic  locus  ('ower  curve)  in 
edge  fixed  coordinates.  The  parameter  values  are 
ID  =8  mmjps,  7 = 3,  and  k = 2 ps~l . 


y -*  -°°,  but  violates  the  conditions  at  the  Prandtl- 
Meycr  singularity.  This  is  a substantial  shortcoming. 

Going  on  to  the  next  order  of  the  outer  problem, 
matters  become  even  worse.  Solving  Eqs.  (3.34), 
(3.39),  and  (3.41)  subject  to  Eq.  (3.44),  we  find 

u(x2)  = u<2>  + (7  - 2)(1  - sin  0) 

2y2  . 

1 27+1 

- (7  + 1 )(csc  0 - 1 )(csc2  0 - s‘n  0) 

X |1  -(1  ~X)1/2]  (3.52) 

7 + 1 1 + 7cosfl  " 

Uy2>  = u^  + — — Cl  ~ sin  (7)  cot  — 

x(l  -(1  -X)1^2],  (3.53) 


ux2)  = ~u<2>  cot  0 


A plot  of  the  shock  locus  and  sonic  locus  is  shown  in 
Fig.  3.3.  Therefore,  wc  find  that  the  outer  solution 
agrees  with  both,  the  shock  conditions  and  those  at 
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(3.54) 


(3.59) 


u*2)  =(?'(1  -sin0)  + — — — (1  -sin0)  ln^tan  y ^ 

2 5y  + 3 

+ — cosO (1  -sin  0)0 

y ~ o ' 

2y~ 

3 7+1  t 

+ n T~  0 -s*n®)  cosO  + — : . (3.55) 

1 y1  T 

and£  is  an  arbitrary  constant.  In  the  limit  y -*• 

( 0 -*  7t/2)  the  solution  is  well-behaved.  However, 
near  the  edge  ( 0 -*  0)  Eqs.  (3.52),  (3.53),  (3.54),  and 
(3.55)  all  become  singular.  To  resolve  this  difficulty, 
we  must  examine  the  vicinity  of  the  Prandtl-Meyer 
singularity  in  some  detail.  In  ihc  next  section,  we 
formulate  the  inner  limit  of  our  problem  and  show 
how  the  singularities  in  the  outer  problem  can  be 
removed. 

D.  The  Inner  Problem 

The  problem  encountered  at  the  end  of  the  last 
section  is  similar  in  principle  to  that  treated  by 
Cole  (6).  There  as  here  the  singularity  arises  because 
the  O.D.E.  being  studied  has  singular  coefficients. 
However,  in  our  case  the  resolution  of  the  difficulty 
proceeds  somewhat  differently.  The  principal  short- 
coming of  the  cuter  limit  is  that  the  O.D.E.’s  which 
are  obtained  are  capable  of  handling  only  a very  re- 
stricted class  of  transonic  flows.  Since  the  reactivity 
is  of  secondary  importance  near  the  edge  (relative  to 
the  Prandtl-Meyer  singularity),  let  us  neglect  it  and 
the  vorticity  for  the  moment  and  obtain  the  kernel 
transonic  partial  differential  operator  contained  in 
Eq.  (3.9).  The  object  of  this  exercise  is  to  obtain  a 
partial  differential  equation  (P.D.E.)  which  is 
capable  of  satisfying  all  of  the  applicable  boundary 
conditions  near  the  edge.  We  proceed  by  introducing 
a potential  and  scaled  independent  variables 

* - ~x  + Smd>(x,  y)  (3.56) 


where  we  have  the  constraint 

3(m  -v)  - 2(m  -p) . 

Equation  (3.58)  is  the  model  equation  for  transonic 
flow  (7).  It  is  capable  of  describing  the  flow'  in  the 
neighborhood  of  a Prandtl-Meyer  singularity  im- 
bedded in  a mixed  flow.  In  fact,  the  specification  of 
a unique  solution  of  Eq.  (3.58)  requires  that  <p  be 
given  along  the  shock,  a curve  connecting  the  shock 
to  the  sonic  locus,  as  well  as  the  Prandtl-Meyer  con- 
dition, To  determine  the  parameters  m,  v,  and  p,  we 
require  that  the  orders  of  magnitude  of  the  velocities 
calculated  from  Eq.  (3.58)  match  ihc  dominant 
singularities  found  in  the  outer  solution.  This  can  be 
thought  of  as  satisfying  the  boundary  conditions 
along  a curve  connecting  the  shock  locus  to  the  sonic 
locus  in  an  order  of  magnitude  sense.  The  most 
singular  terms  in  u£2>  and  uj2)  are 

52ui2)  = Olil/2.,-^/2 . _* — (3.60) 

<-y>5'2 

62u<2>  - Off''2*-3-'2)  * . (3.61) 

» (-y)1'2 

so  that  we  get  the  conditions 

-}+r'--|p-m-r'  (3.62) 

|+p-^p  = ni-p.  (3.63) 

Solving  Eqs.  (3.59),  (3  62),  and  (3.63),  we  get 
<P  = 0(Ss^3),  x = x/61/3,  y “ S1/3 y (3.64) 

ux  - 0(54/3),  Uy  = 0(6 2).  (3.65) 


X - x6~t',  y = y6"v  . (3.57) 


Using  Eqs.  (3.56)  and  (3.57)  to  calculate  the  veloc- 
ities and  Bernoulli’s  law  to  eliminate  c2,  the  domi- 
nant terms  in  Eq,  (3.9)  yield  the  equation 


(T+ufS^t^-O,  (3.58) 
3x  9x2  dy2 


In  terms  of  the  variables  of  Eq.  (3.64)  the  remaining 
singular  terms  in  the  outer  uj^  and  u^2^  are 


52u<2> : 

S5/3  1”(-3?  * \ J5/3 

(-y)1/2  3 

6242>: 

52  In  (-y)  + — 52  In  5 . 

In  S 

(-y)1/2 


(3.66) 

(3.67) 
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When  expressed  in  terms  of  Eq.  (3.64),  the  dominant 
terms  in  the  outer  uO)  and  u^,*)  are  0(54/3)  and 
0(65/3)  respectively. 


0(6 2 In  6) 


Using  this  information  as  a guide,  we  assume  that 
the  flow  potential  can  be  expressed  as  the  following 
asymptotic  sequence 

0 = 64/y4/3>  + 65/3  In6  0<85/3)  + 65/30(S/3) 


0(6  2) 


-(7+  1) 


3 / 30(4/3)  30(5/3)\ 

-^3  I 73 73 j 

ax  \ ax  ax  / 


(3.76) 


+62  In6  0^fi2^  + 620^2^  + 67,,3  jn6  0^fi7/ 3) 

+ 67/3^,(7/3)  + t<li  (3,68) 

which  is  valid  for  velocities  up  to  at  least  0(67^3) 
since  Eq.  (3.16)  gives 


S2+  - 0(67/3)  d^‘--  l)2  • (3.69) 

dy 


1 / 30(4 /3)\2  320(4/3)  (7+l) 

+^+,)(Vr^-  = ^ 


(3.77) 


0(67/3(In6)2) 

3_  /30<gS/3)\2 

ax  \ ax  / 


0 


(3.78) 


For  this  set  of  dependent  and  independent  scales,  the 


reaction  progress  variable  must  be 

0(67/3  In  6) 

X = 6>/3X<‘/3)  + 62/3X(2/3)  + .. 

.,  (3.70) 

3 / 30(4/3)  3^(62)  30(C5/3)  d0(5/3)\ 

(nr  +1)  — ~ l ~ ST-  + „ jo — 1 

w 'oxV  ax  ax  ax  ox  / 

where  X(1/3>  and  X*2/3)  satisfy 

ax(l/3)  _ 
a* 

(3.71) 

( 1 /30(£s/3)  30(4/3)\  ^ a20(C5/3) 

2 ^7  \ OX  OX  / O’y2 

(3.79) 

Ox  2 * 

(3.72) 

0(67/3) 

so  that 

/_  , n 0 f 1 /,O0<5/3)\  00(4/3)  30(2) 

17  JaU2\  ax  / ox  ox 

x<‘'5’  = 1,  - X 

(3.73) 

(3.74) 

r 30(4/3)  30(5/3)  , a0(4/3)  30(5/3)1 

OX  OX  2 3\  OX  J 

Introducing  X -==  X/5 1 7 3 and  y as  the  independent 
variables,  Eqs.  (3.7)  and  (3.9)  yield  the  following  set 
of  equations  for  0; 

1 „ /a0(4/3)f  320(5/3) 

0(65/3) 

l(^j.  0 

ax  \ ax  / 

(3.75) 

(380) 

dy  3yOX  47" 
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Eqs.  (3.50),  (3.51),  (3.52),  and  (3.53)  and  then 
taking  the  inner  limit  of  this  outer  potential  gives 
us  the  match  potential  for  the  inner  problem 


Since  the  higher  order  equations  are  increasingly 
more  complex,  we  will  not  consider  them  here. 
Doing  so  will  not  affect  the  first  approximation  to 
the  uniformly  valid  solution. 

Let  us  now  obtain  the  bound*  i v conditions  for 
Eqs.  (3.75)-(3.80).  Given  the  potential  of  Eq. 
(3.68)  and  the  shock  condition  of  Eq.  (3.21),  we 
lake 

e - 52/3 + 6 InS  + Se <l> 


0 = S4/3 


+ 


7+1 

— — (~y)  in  (-y) 

4yZ 


+S4'i  Ins  + - . . . (3.31) 


Substitute  g Eq  (3.81)  and  the  velocities  into  Eqs. 
(3.20)  and  (3.21),  we  get  the  shock  boundary 
cor  litions 


30(4/ 3)\ 

. 9X  /+ 


(3.82) 


0(57/3(In5)2) 


/a0t«s/3)\ 

\ ax  / 


= 0 


(3.83) 


+ 


67 


(~y)3/2  [In  (-y)  + 7] 


(3.88) 


(3.86) 


where  v.e  have  set  the  arbitrary  constant  in  Eq.  (3.55) 
equal  to 


e 


7 + 1 
472 


In 


7 + 1 

47 


77  + 5 

2y2 


Lastly  we  have  the  Prandtl-Meyer  condition  at  y = 0 , 
x = 0".  Thus,  the  inner  limit  of  the  full  problem  is: 


where  the  terms  in  the  shock  slope  are 

«<«> . ’ ) , 

0 

11 

c* 

(3.87) 

+ 

;>* 

CD 

g(K4/3)  = 

/90(£2n 
9y  )+ 

Inner  Problem.  —The  system  of  P.D. E.  [Eqs. 
(3.75),  (3.76),  (3.77),  (3.78),  (3.79),  (3.80), 
etc.] , the  shock  boundary  conditions  [Eqs. 
(3.82),  (3.83),  (3.84),  (3.85),  (3.86),  (3.87), 
etc.] , the  match  into  the  outer  problem  [Eq. 
(3.88)] . and  the  Prandtl-Meyer  singularity 
which  together  describe  the  flow  near  the 
edge. 


Far  from  the  edge  (i.e.,  -y  large),  the  flow  calculated 
for  the  inner  problem  must  match  that  of  the  outer 
problem.  Calculating  the  outer  potential  from 


Finding  the  solution  of  Eqs.  (3.75),  (3.76),  (3.77), 
(3.78),  and  (3.79)  subject  to  the  appropriate  bound- 
ary conditions  is  straightforward.  We  obtain 
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*<4/3)  = 211  f 

(3.89) 

472 

0(C5/3)  = 0i 

(3.90) 

Using  these  results  to  simplify  Eq.  (3.80),  we  get 


-(7+1) 


30(5/3)  320(5/3)  820(S/3) 

ax2  + 9y2 


(3.91) 


Equation  (3.91)  is  an  inhomogeneous  transonic 
P.D.E.  Finding  an  analytic  solution  to  it  subject  to 
the  shock,  match,  and  Prandtl-Meyer  boundary  con- 
ditions is  not  a simple  matter.  Since  the  reactivity  is 
not  a dominant  effect  near  the  edge,  we  will  first 
examine  the  homogeneous  form  of  Eq.  (3.91).  The 
simplest  approach  is  to  seek  a similarity  solution  to 
Eq.  (3.91).  The  drawback  with  this  method  is  that 
one  may  not  be  able  to  satisfy  all  of  the  boundary 
conditions. 


The  most  general  similarity  solution  to  the  ho- 
mogeneous form  of  Eq.  (3.91)  is  that  solution  which 
is  invariant  under  an  infinitesimal  one-parameter  Lie 
group  of  transformations.  We  find 


4>h 

3X 


-(-y  + b2)^"2G(s)  + (-y  + baJB,  + b2 


(7+D"1/3(-y  + b2)2’>“2G'(s) 

-X(7+  1)~1/3  + bi 
(-y  + b2y> 


(3.92) 

(3.93) 

(3.94) 


where  -if,  bi , b2,  Bj , , .3  B2  arc  constants  and  G(s) 
satisfies  the  O.D.E. 


(G'-tjV)G"  + 5r?(n-  l)sG'  - 3(r?- l)(3t?-2)G  = 0. 

(3.95) 


(See  Bluman  and  Cole  (8).)  Setting  Bj , B2,  b2  to 
zero,  17  = 5/4,  and  assuming  that  b j = 0(6 1'3),  we 
find  that  Eq.  .3.93)  satisfies  Eq.  (3,84)  to  within  a 
distance  0(6  * ^ ) of  the  shock.  Analyzing  the 
singular  points  of  Eq.  (3.95)  we  find  a Prandtl-Meyer 
singularity  at  X = 0+,  y = 0“  (i.c.,  s -*  -«)  when 


bj  = 0 at  the  edge.  Taking  bi  to  be  a function  of  y 
which  behaves  like  (7  + l)~1/,3xs  near  the  edge  and 
never  exceeding  0(6 ^3)  far  from  the  edge,  the  sonic 
line  leaves  the  singularity  along  the  - y axis  as 
required.  Since  bj  = 0(6 1|  3)  the  error  made  in 
Eq.  (3.91)  is  of  higher  order  and  will  be  recovered 
as  the  higher  order  equations  are  considered.  Fortu- 
nately, for  r)  = 5/4  the  solution  to  Eq.  (3.95)  can  be 
found  in  closed  form  (9,10) 

*h  = si  a_3(-y)7/4  (“!«)  (s2  + t * + 

(3.96) 

where  a is  an  arbitrary  scaling  constant  and 

(!«  + ■)(-!«)  <3-97> 

Therefore,  we  find  that  an  analytic  solution  of  the 
homogeneous  form  of  Eq.  (3.91)  can  be  found  that 
satisfies  both  the  shock  and  the  Prandtl-Meyer 
boundary  conditions. 

Finding  a solution  to  the  inhomogeneous  form  of 
Eq.  (3.91)  is  more  difficult.  One  possibility  is  to 
express  0(5/3)  as  an  infinite  power  series  in  (-y) 


<t>{ 5/3)  = 0h  + L (-y)%(t)  . (3-98) 

u 

with  the  r>’s  being  selected  so  that  the  inhomogeneity 
in  Eq.  (3.91)  is  accounted  for.  Proceeding  in  this 
fashion,  we  find  that  the  f„(£)’s  satisfy  an  inhomoge- 
neous hypergeometric  equation  whose  homogeneous 
solutions  are  terminating  series  in  £.  Therefore,  as  a 
practical  matter,  the  fM(£)’s  are  obtainable.  The  sonic 
locus  computed  from  the  inner  solution,  0(5 /3 ) = 
+(-y)i  3/4fi  ?/4(£),  is  shown  in  Fig.  3.5.  Now,  if 
Eq.  (3.98)  is  to  be  a useful  inner  solution,  it  must  be 
valid  for  y -*■  Clearly,  any  finite  sum  does  not 
have  this  property.  As  an  alternative,  let  us  consider 
the  expression 

$(sm  * 4,  ~ 0h  + ^ x2 


- Ys  ^ <*~2(?  + l)“1/3(-/)5/2  (3.99) 
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as  a possible  approximate  solution  valid  for  -“  < y 
<0.  The  motivation  for  selecting  Eq.  (3.99)  is  that 
it  yields  the  same  x - velocity  component  as  the 
match  potential  of  Eq.  (3.88)  and  in  addition, 
satisfies  the  shock  and  Prandtl-Meyer  conditions. 
Substituting  Eq.  (3.99)  into  Eq.  (3.91),  we  find  that 
\p  satisfies 


,(7  + l)^  ^ + = 7 + 1 ~ 


ax2  9y2  4-y2 


X - R, 


(3.100) 


where  tlie  remainder  is 

R = ^ aHy+\)-lIH-y)112 


‘ ' [h* ')]  • <310') 


Although  it  would  be  difficult  to  get  a rigorous  error 
bound  on  ld>(5/3)  - M,  we  can  get  some  estimates  of 
the  degree  to  which  satisfies  Eq.  (3.91)  in  a global 
sense.  Writing  Eq.  (3.100)  in  divergence  farmland 
then  integrating  over  some  closed  region  0 in  X,  y , we 
get 


(3.102) 


where  m is  the  outward  normal  to  the  boundary  of 6. 
We  first  consider  the  regionfii  near  the  Prandtl-Meyer 
singularity  (see  Fig.  3.4).  There  we  readily  find  that 
the  source  due  to  the  Prandtl-Meyer  singularity,  Spm 


S 


pm 


(3.103) 


is  stronger  than  the  effective  reactive  source 


R]  **  - °(*2  £*)• 

(3.104) 


Fig.  3.4.  Regions  of  the  flow  over  which  the  global 
accuracy  of  the  flow  \p  is  examined.  0 / is  the  neigh- 
borhood of  the  P-M  singularity.  0 2 is  the  region  of 
subsonic  flow. 


in  the  region  of  the  singularity.  Focusing  our  atten- 
tion on  region  0 2.  we  find  that 


R dXdy  = 0 , 


(3.105) 


when  the  lower  boundary  (sonic  locus)  is  taken  as 
either  the  sonic  locus  for  the  near-field  homogeneous 
flow  given  in  Eq.  (3.96)  (£  =-1/3)  or  the  sonic  locus 
for  the  far-field  flow  given  in  Eq.  (3.88).  For  any 
other  lower  boundary  of  region  Q 2 


“ 0((-y)?/2) 


(3.106) 


R dXdy 


= Oft-y)11/4).  (3.107) 


Therefore,  ifr  represents  a reasonable  approximation 
to  Eq.  (3.91)  in  a global  sense.  Comparing  the  inner 
sonic  locus  calculated  via  Eq.  (3.98)  (one  term  past 
the  homogeneous  solution)  to  that  calculated  via 
Eq.  (3.99),  we  find  little  difference  in  the  range 
-0.8  ^ y ^ 0 (see  Fig.  3.5).  Thus  we  conclude  tliat 
Eq.  (3.99)  provides  a reasonable  approximation  to 
the  velocity  9 0(5/3)/<)X.  Since  9 $(5/3)/9X  contributes 
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y 


Mg.  3.5.  A conif>arison  of  the  inner  sonic  locus  as 
calculated  with  the  flow  of  Eq.  (3.96)  (-•  -), 

Eq.  (3. 98)  (-),  and  Eq.  (3. 99)  (-  -)  displayed  in 
edge  fixed  coordinates.  In  all  cases  bj  ~(y  + l)~l'3xs, 
Vie  l -term  outer  shock  locus  (upi>er  curve)  and  sonic 
locus  (lower  curve)  appear  as  references.  Vie  param- 
eter values  are  ’J)  -8  mm/ps,  y = 3,  k = 2 ps~l , 

8 = 0.1. 


y.  To  got  a uniformly  valid  asymptotic  expansion  of 
the  solution,  the  two  limiting  solutions  must  be 
matched  in  a region  of  overlapping  validity.  Follow- 
ing Van  Dyke’s  matching  procedure,  we  express  the 
outer  solution  in  inner  variables,  the  inner  solution 
in  outer  variables,  and  then  match  at  each  order  in  8 
(11).  The  composite  expansion  is  then  formed  as  the 
inner  expansion  plus  the  outer  expansion  minus  the 
terms  that  are  common  to  both  in  the  overlap  region. 
Retaining  terms  up  to  and  including  0 (64/l3)  in  the 
velocities,  the  composite  velocity  expansions  are 

ux  * 8 ~ {sin0  - (1  -(1  -X)1/2)} 


Uy  “-6~(l-cos0),  (3.109) 

where  (lie  mutch  requires  that 


to  the  velocity  at  0 (64^),  and  whereas  /by' 

contributes  at  0(65'3),  it  follows  that  the  boundary 
terms  in  Eq.  (3.88)  that  have  boon  omitted  will  not 
iniluonce  the  solution  up  to  and  including  0 (84^3)  In 
the  velocity.  If  a solution  valid  to  0(6S^3)  in  the 
velocities  is  desired,  the  equation  governing 
must  be  found  (u  simple  matter),  and  Iiq,  (3.99) 
must  be  discarded  in  favor  of  a that  satisfies 
all  of  the  match  conditions  in  Iiq.  (3.88), 

Summarizing,  wo  find  that  the  inner  velocities 
[i.e.,  liqs.  (3.89),  (3.90),  and  (3.99)1  have  been 
calculated  up  to  and  including  Q(84'3).  To  tills 
order,  the  shock  locus  is  given  by  the  1-term  outer 
solution  [Eq.  (3.49)J . However,  probably  the  most 
important  result  is  qualitative  rather  than  quantita- 
tive. We  find  that  the  features  of  the  inner  flow 
depend  on  61/,3y  and  tints  can  penetrate  well  into 
the  explosive. 

E.  The  Composite  Solution 

The  outer  and  inner  solutions  found  in  the  previ- 
ous sections  are  valid  over  only  restricted  regions  in 


73/4 

(T+  l)5/l2  ' 


(3.110) 


To  this  order  the  shock  locus  is  given  by  Eq.  (3.49). 


Equations  (3.108),  (3.109)  and  the  required  aux- 
iliary equations  constitute  a full  solution  to  0(6*^) 
of  the  boundury  value  problem  posed  in  part  A.  of 
tills  section.  Using  it  wo  will  now  determine  some  of 
the  sultcnt  features  v,f  the  flow.  In  all  of  the  examples, 
we  will  take  the  function  bj  appearing  in  the  similar- 
ity variable  to  be 


. g 1/3 

Dy2 


/ 3>7  -A 

V k(7+l)  yj  - 

(3.111) 


Figures  3.6  and  3.7  show  a comparison  of  the 
outer  and  composite  solutions  in  the  far  and  near 
fields  respectively.  To  0(84^3),  the  shock  loci  for 
tho  two  solutions  are  identical,  Ihc  sonic  loci,  how- 
ever, arc  quite  dissimilar.  Unlike  the  outer  solution, 


i 


< 
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Fig.  3.6.  0(b4^ ) composite  solution.  The  shock 
locus  (upper  curve),  composite  sonic  locus  (middle 
curve),  and  outer  sonic  locus  (lower  curve)  in  edge 
fixed  coordinates.  The  parameter  values  are 
3)  = H mm/ps,  y~3,k~2  ps~J , and  6=0.1. 


-0883  -0591  -0528  -0066 

8ytmm) 

Fig.  3.7.  0(64^ ) composite  solution.  See  Fig.  3.6. 


the  composite  solution  satisfies  the  conditions  at  the 
Prandtl-Meyer  singularity  (sec  Fig.  3.7).  Perhaps  the 
most  striking  feature  of  the  composite  flow  is  the 
range  over  which  the  edge,  through  the  inner  solution, 


influences  the  flow.  Figure  3.8  shows  that  the  in- 
fluence propagates  in  —50  reaction  zone  lengths. 
Considering  that  the  inner  scale  is  S^3y  and  that 
61/3  changes  by  only  a factor  of  two  for  0.01  < 5 2 
< 1 , the  range  of  influence  of  the  inner  solution  (in 
real  sapee)  is  nearly  the  same  for  large  and  small 
values  of  5.  However,  since  the  outer  scale  is  by, 
the  inner  solution  becomes  relatively  more  important 
as  5 is  increased.  Figure  3.9  shows  that  increasing  5 
i .mi  0.1  to  0.33  makes  the  inner  solution  relatively 
ore  important. 

•ithough  the  sonic  locus  is  not  a flow  property 
■ mch  is  physically  as  apparent  as  the  shock  locus,  it 
is  oi  gieater  importance  in  determining  the  flow. 

This  is  because  only  the  chemical  energy  released  in 
the  subsonic  region  is  effective  in  driving  the  detona- 
tion. It  is  for  this  reason  that  proper  satisfaction  of 
the  Prandtl-Meyer  condition  is  crucial  to  any  calcula- 
tion. As  an  example,  consider  the  case  of  an  explo- 
sive charge  of  finite  size.  Including  the  energy  re- 
leased in  the  shaded  area  of  Fig.  3.8  (unavailable 
energy)  in  the  calculation  of  the  detonation  velocity 
would  lead  to  a substantial  error.  More  important 
perhaps  is  the  effect  that  the  form  of  the  inner  solu- 
tion has  on  the  problem  of  confinement.  Considering 
the  family  of  characteristics  emanating  from  the 
Prandtl-Meyer  singularity,  we  find  a characteristic 
(the  limiting  characteristic)  which  is  just  tangent  to 
the  sonic  locus  (see  Fig.  3.10).  All  the  characteristics 
leaving  the  singularity  downstream  of  the  limiting 


-20.04  -13.88  -7.71  -1.84 

8 y(mm) 

Fig.  3.8.  0(h413)  composite  solution.  See  Fig.  3.6. 


6 = 0.33. 


-0.853  -0591  -0328  -0.066 

dy(mm) 

Fig.  3,10.  0(8*/  ’ ) composite  solution.  The  shock 
locus  (upper  curve),  composite  sonic  locus  ( middle 
curve)  and  limiting  characteristic  (lower  curve)  in 
edge  fixed  coordinates.  The  parameter  values  are 
S)  = 8 mm/ps,  y = 3,  k - 2 ps'1 , and  6 = 0.1, 


characteristic  never  contact  the  sonic  locus.  There- 
fore, information  about  confinement  traveling  along 
them  cannot  influence  the  structure  of  the  subsonic 
flow.  Put  another  way,  the  limiting  characteristic 
defines  the  critical  degree  of  confinement  below 
which  the  confinement  has  no  influence  on  the  struc- 
ture of  the  subsonic  flow.  For  the  example  considered 
in  Fig.  3. 10  the  critical  confinement  angle  (i.e.,  the 
angle  that  the  wall  makes  with  the  x-axis)  for  a suf- 
ficiently smooth  wall  is  1 .94°.  For  a system  with  the 
parameter  values  given  in  Fig.  3.9  (i.c.,  increasing  6 
to  0.33)  the  critical  confinement  angle  is  6.63°.  In 
both  cases,  these  angles  are  equal  to  the  streamline 
angle  at  the  sonic  point  on  the  shock.  Therefore,  we 
find  that  the  resolved-52  portion  of  the  reaction  zone 
for  a system  with  an  edge  proceeds  as  an  essentially 
unconfined  detonation  unless  the  confinement  is 
heavy  (i.e.,  aluminum  or  heavier). 

F.  Summary 

Reviewing  the  results  of  this  section,  we  find: 

(1)  Far  from  the  edge  (outer  region)  the  flow  is 
governed  by  O.D.H.’s  (with  independent  variables 
x,  5y)  and  the  shock  boundary  conditions.  The 
outer  problem  determines  the  shock  locus  to 
0(64/3)  for  - 00  < y < 0 and  the  sonic  locus  in  the 
very  far  field.  (2)  Near  the  edge  (inner  region)  the 
flow  is  governed  by  P.D.E.’s  (with  the  independent 
variables  x/61^3,  fi1/,3y)  and  the  boundary  conditions 
along  the  shock  locus,  at  the  Prandtl-Meyer  singu- 
larity, and  the  match  into  the  outer  solution.  The 
innei  problem,  which  is  strongly  influenced  by  the 
singularity,  has  a long  range  influence  on  the  sonic 
locus  and  properties  which  depend  on  it.  (3)  The 
critical  confinement  angle  is  equal  to  the  angle  that 
the  streamlines  at  the  sonic  point  on  the  shock  make 
with  the  edge. 
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A SIMPLE  MODEL  FOR  THE  SIMULATION  OF  THE  INITIATION  OF 
DETONATION  BY  A SHOCK  WAVE  IN  A HETEROGENEOUS  EXPLOSIVE 


A.  A.  Schilperoord 
Technological  Laboratory  TNO 
P.O.  Box  45,  Rijswjjk-2100 
The  Netherlands 


A modal  has  been  developed  for  the  shock  wave  initiation  of  detonation  in  a 
heterogeneous  explosive.  The  model  is  based  on  chemical  reaction  of  the  explosive 
through  both  a hot  spot  mechanism  and  a bulk  reaction  mechanism.  The  hot  spot 
reaction  may  strengthen  the  initiating  shock  wave  to  such  an  extent  as  to  initiate  a 
bulk  reaction.  Results  are  presented  of  calculations  of  initiation  distance  vs  initiat- 
ing pressure  for  two  densities  of  PETN. 


INTRODUCTION 

The  mechanism  of  the  initiation  of  detonation  by 
a shock  wave  in  a so-called  heterogeneous  explosive  is 
still  poorly  understood.  For  homogeneous  explosives 
the  gross  features  of  the  mechanism  are  well-known 
(1 ),  though  refinement  may  be  necessary  for  a de- 
tailed analysis  (2). 

For  heterogeneous  explosives  it  is  generally 
accepted  -sec  e.g.  (3) — that  under  the  action  of  the 
initialing  shock  wave  at  discontinuities  in  the  explo- 
sive hot  spots  arise,  whose  reaction  strengthen  the 
shock  wave,  so  that  initiation  is  facilitated  compared 
to  homogeneous  explosives. 

How  these  spots  arise  is  hardly  known;  it  could  be, 
for  instance  by  a shock  focussing  (4)  or  jetting  mech- 
anism (5).  It  could  be  that  owing  to  the  reaction  of 
the  hot  spots,  the  initiating  shock  wave  gradually 
builds  up  to  a detonation  wave.  There  are  indications 
on  the  other  hand- -sec  e.g.  (6)— that  a reaction 
mechanism  as  in  homogeneous  explosives-rcaction 
throughout  the  bulk  behind  the  shock  wave  front- 
may  play  a role. 

For  simulation  of  tire  gradual  build  up  of  a shock 
wave  to  a detonation  wave  in  a one-dimensional 


theoretical  model  a pressure  dependent  term  can  be 
introduced  into  the  Arrhenius’  kinetics-see  e.g.  (7)- 
which  without  this  term  simulates  the  shock  wave 
initiation  in  homogeneous  explosives  very  well-see 
e.g.  (8),  This  procedure  is  not  very  satisfying  from  a 
physical  point  of  view.  Therefore  a model  was 
developed,  based  on  both  a hot  spot  and  a homo- 
geneous explosives  reaction  mechanism  where  the  hot 
spots  are  supposed  to  arise  through  a shock  focussing 
mechanism. 


DESCRIPTION  OF  THE  MODEL 

Suppose  a model  of  a heterogeneous  explosive 
with  voids  and  grains,  for  instance  granular  or  pressed 
explosive.  When  a shock  wave  passes  through  this 
explosive  it  is  assumed  that  under  the  action  of  the 
shock  wave  at  each  void  after  its  collapse  through  a 
shock  focussing  mechanism  as  described  by  Mader 
(4),  a hot  spot  is  created.  The  size  of  the  hot  spot  is 
about  equal  to  the  size  of  the  original  void,  as  was 
shown  to  be  true  by  two-dimensional  calculations  for 
a spherical  void  in  nitromethane  by  Mader  (4). 

Throu  ghout  the  hot  spot  there  is  a non-uniform 
temperature  distribution.  For  the  sake  of  simplicity 
it  is  assumed  that  a certain  fraction  of  the  original 
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void  volume  transforms  into  a hot  spot  with  a uni- 
form temperature  distribution.  After  its  formation 
the  hot  spot  will  explode  after  a delay  time  t,  which 
can  be  calculated  from  the  Arrhenius’  kinetics  for  a 
homogeneous  explosive,  provided  the  temperature  of 
the  hot  spot  is  known.  During  this  time  r,  rarefaction 
waves  travel  into  the  hot  spot  which  cool  it,  so  that 
the  effective  size  of  the  hot  spot  decreases.  It  is 
assumed,  that  in  rarefied  regions  of  the  hot  spot  reac- 
tion is  completely  quenched,  and  that  the  explosion 
of  the  non-rarefied  part  of  the  hot  spot  will  not  lead 
to  immediate  further  reaction  in  the  surrounding 
explosive.  After  explosion  of  the  hot  spot,  the  size  of 
which  is  corrected  for  rarefaction,  a pressure  w ave 
will  be  formed,  which  overtakes  the  initiating  shock 
wave.  Summing  over  all  hot  spots  this  situation  is 
similar  to  that  of  a shock  with  a partly  reacted  ex- 
plosive in  its  wake.  The  strengthened  shock  wave  is 
capable  of  forming  hotter  hot  spots,  which  thus  react 
in  a shorter  time,  and  therefore  have  a larger  con- 
tribution towards  strengthening  the  shock  wave.  This 
process  will  continue  until  the  contribution  of  the 
hot  spots  will  be  constant  (e.g.  when  r is  so  small, 
that  the  influence  of  the  rarefaction  waves  can  be 
neglected).  The  shock  wave  is  now  sufficiently 
strong  to  initiate  a bulk  reaction  as  is  observed  in 
homogeneous  explosives. 

During  the  initiation  process  the  reacted  fraction 
of  the  explosive  f can  be  calculated  from : 

f = fHOM  + fits  (1) 

where  fHOM  and  fns  are  the  reacted  fraction  of  ex- 
plosive calculated  from  the  Arrhenius’  kinetics  for  the 
homogeneous  explosive  and  from  the  hot  spot  con- 
tribution respectively 

The  Arrhenius’  kinetics  equation  is: 

- k(l-fH0M)c"E“/RT  (2) 

The  hot  spot  volume  fraction  fn^,  can  be  written: 

fjis  = a * n • 4/3  tt(R0  - c r)3  (3) 

where 

fns  = hot  spot  volume  fraction  of  explosive 

a = fraction  of  hot  spot  that  reacts 


n = number  of  hot  spots/unity  of  volume 
Ro  = radius  of  original  spherical  void 
c = sound  velocity  (velocity  of  penetrating 
rarefaction  wave) 

t = induction  time  of  the  hot  spot 

Equation  (3)  represents  the  volume  fraction  of  hot 
spots  in  the  explosive,  corrected  for  rarefaction 
influence.  It  is  assumed,  that  the  voids  are  homo- 
geneously distributed,  spherical  and  equally  sized. 

Ro  can  be  regarded  as  the  radius  of  a sphere  having 
the  same  volume  as  the  original  void.  If  we  assume  in 
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p = density  of  porous  explosive 
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Fhs  = energy  concentration  factor  in  hot  spot 
S = entropy 
D = detonation  velocity 
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the  same  way  Rg  as  the  radius  of  a spherical  grain, 
having  the  same  volume  as  the  grain,  the  following 
relation  can  be  derived  (if  the  number  of  voids  is 
equal  to  the  number  of  grains  in  a volume  element) 


Ro  - Rg 


/ PHE - P 

\ P 


1/3 


(4) 


where 

Pllii  = density  of  the  non-porous  explosive 
p = density  of  porous  explosive 

in  deriving  Eq.  (4)  it  is  assumed,  that  the  density  of 
the  gas  in  the  voids  can  be  neglected.  On  the  same 
assumption  we  can  write  for  n: 


4/3  7rRg  3phh 

Combining  Eqs.  (3),  (4)  and  (5)  yields 


(5) 


PHE  - P\  1/3 


(6) 


From  Eq.  (6)  some  interesting  conclusions  can  be 
drawn  with  respect  to  the  hot  spot  contribution  to 
the  reacted  fraction  of  explosive.  It  can  be  seen,  that 
this  contribution  will  be  larger  for  smaller  p (more 
porosity)  and  smaller  r (higher  pressure).  Moreover 
there  is  a critical  condition  for  fas  being  greater  than 
zero: 


cr  < Ry 


PHE  - P 


1/3 


(7) 


which  leads  to  critical  conditions  for  pressure,  parti- 
cle size  and  density. 

It  is  important  to  realize,  that  r is  not  a function 
of  particle  size  or  density,  for  the  hot  spot  tempera- 
ture is  not  a function  of  void  size  (9)  but  is  calculated 
from  the  shock  strength  in  the  grains  (and  not  from 
the  overall  shock  conditions  in  the  porous  explosive). 

If  a particle  size  distribution  is  assumed  Eq.  (6) 
becomes: 


“(PHE  - P)/(R O - CT)30dRo 

fHS  = (8) 

PHEj  Ro0dRo 


Here  0 is  the  void  size  distribution  function,  while  the 
integration  is  performed  over  all  void  sizes.  In  the 
calculations  the  distribution  curve  of  R0  is  assumed 
to  be  Gaussian. 


CALCULATIONS 

The  calculations  concerning  the  shock  wave  initia- 
tion of  detonation  in  a heterogeneous  explosive, 
based  on  the  model  described,  were  performed  in  two 
ways: 

1 . One-dimensional  calculations  with  integration 
of  the  conservation  equations  in  partial  differential 
conservative  form  by  means  of  the  Lax  scheme  in 
order  to  be  able  to  deal  with  shock  waves  (10).  In 
these  calculations  the  explosive  is  divided  into  small 
elements  (layers  perpendicular  to  the  shock  propaga- 
tion direction),  and  after  each  time  step,  the  value  of 
which  is  determined  by  stability  conditions,  the 
specific  volume  V,  particle  velocity  u,  and  specific 
energy  E of  each  element  is  calculated  from  the  con- 
servation equations: 


av  _ au 

(9) 

3t  by 

du  _ Dp 
at  by 

(10) 

3E  _ -3(pu)  3f 

at  ay  vat 

(11) 

The  shock  wave  in  the  explosive  was  generated  by 
impact  of  a thick  plate. 

The  reacted  fraction  f is  calculated  from  Eq.  (1), 
where  the  temperature  in  Eq.  (2)  is  calculated  from 
the  specific  internal  energy  e: 

c = Cv(T-T0)  (12) 

where 

Cv  = specific  heat  at  constant  volume 
T0  = temperature  of  uncompressed  explosive 

Further 

e = E - 1/2  u2  (13) 
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The  pressure  p is  calculated  by  combining  the  state 
equations  of  the  gaseous  and  solid  phase,  an  ideal  gas 
equation  of  state  and  the  Hugoniot  respectively.  If 
the  pressure  in  the  gas  phase  equals  that  of  the  solid 


state  phase,  these  equations  arc: 

e = feg  + (1  - f)cs 

(14) 

V = fVg  + (1  - f)V, 

(15) 

cg  = Pvg/(7-  1) 

(16) 

es  = l/2p(V0-  Vs) 

(17) 

where  g and  s indicate  gas  phase  and  solid  state  phase. 
V0  = volume  of  uncompressed  explosive  and  7 is  a 
constant.  Combining  equations  (14)  through  (17) 
leads  to  an  expression  for  Vs: 


R(eHS  + CyTo)2  / CvEa  \ 
CvQEak  CXP  \R(eHS  +CVT0)/ 


(23) 


which  is  the  equation  for  the  adiabatic  induction 
time  (12).  Repetitively  after  a time  period  equal  to 
the  sum  of  induction  period  and  time  needed  for  the 
pressure  pulse  from  a reacting  hot  spot  to  reach  the 
shock  front,  the  values  of  c and  r in  the  equation  for 
fHS  are  updated. 

All  calculations  with  the  Lax-scheme  had  to  be 
performed  with  the  Hugoniot-equation  for  the  non- 
porous  explosive,  so  that  all  results  arc  strictly  true 
for  the  non-porous  explosive  only.  Further  only 
semi-quantitative  results  could  be  obtained  because  of 
small  oscillations  at  the  shock  wave  front  due  to  the 
existence  of  two  different  media  (non-reactive  and 
reactive)  there. 


V, 


2(7-  1) 
0-fX7  + i)p 


(18) 


Further  we  can  obtain  a relation  between  Vs  and  p 
through  the  conservation  equations  of  mass  and 
momentum  over  the  shock  front: 


2.  The  conservation  equations  can  be  simplified 
by  assuming  the  specific  change  in  volume  to  be  negli- 
gible during  the  initiation  process.  So  in  the  conser- 
vation of  energy  equation 

de  « -pdV  + Qdf  (24) 


b2(Vq  - V,) 

(Vo  - a V0  + a Vs)2 


(19) 


dV  = 0,  leading  to: 

de  = Qdf  (25) 


using  the  empirical  relation: 


U = b + a u 


(20) 


where  U = shock  wave  velocity  and  u = particle 
velocity.  So  p can  be  calculated  from  Eqs.  (18)  and 
(19),  when  V,  c,  f,  V0, 7,  a and  b arc  known. 

For  calculating  the  hot  spot  condition,  a certain 
energy  concentration  Fhs  in  the  hot  spot  is  assumed: 

CHS  = Fuse  (21) 

As  stated  earlier,  e is  the  energy  of  the  shock  wave  in 
the  non-porous  explosive.  With  the  aid  of  chs>  c and 
t are  calculated: 

c2  = -v2(lv)s  (rcf'n)  (22) 

where  (dp/dV)j  may  be  derived  from  the  Hugoniot 
equation  (19) 


With  this  approximation,  the  induction  time  formula 
(23)  can  be  derived  for  shock  wave  initiation  of  deto- 
nation in  a homogeneous  explosive  (12).  This  same 
equation  (25)  can  be  used  with  the  calculations  for 
heterogeneous  explosives  with  the  model  described. 
When  Eq.  (25)  is  used  the  calculated  induction  times 
will  be  too  short.  Alternatively  an  equation  in  dp 
Instead  of  dV  can  be  derived  from  equation  (14) 
through  (17),  and  (24),  leading  to: 


de  = (q  + PVS  + 1(7  - l)pV,  - ^(7  - OpVo^ 
when  dp  = dVs  = 0 


Equation  (26)  gives  induction  times  which  are  too 
long.  So  the  real  induction  time  will  be  in  between 
the  values,  calculated  by  Eqs.  (25)  and  (26).  By  cal- 
culating during  the  Lax  calculation  process  the  terms, 
which  are  neglected  when  deriving  (25)  or  (26),  an 
impression  can  be  gained  which  equation  should  be 
used  in  an  approximative  calculation. 
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In  these  calculations  the  reacted  fraction  f is 
calculated  from  Eq.  (1)  after  a time  lapse  equal  to  the 
induction  time  r of  the  hot  spots,  and  the  time  the 
pressure  wave  needs  to  overtake  the  shock  wave. 

Then  the  new  e is  calculated  from  Eq.  (25)  or  (26) 
and  subsequently  the  new  c and  t,  after  which  the 
process  is  repeated.  At  each  cycle  fns  and  fnoM 
increase,  but  fns  tends  to  a constant  value— reached 
at  time  tug -since  the  induction  period  becomes  very 
short,  while  fnoM  is  becoming  relatively  more  im- 
portant. At  time  tnoM  + tHS  the  bulk  explosive 
subjected  to  maximum  compression  due  to  hot  spot 
reaction  has  gone  through  induction  and  reacts.  This 
is  the  start  of  detonation.  Initiation  times  and  dis- 
tances can  be  derived  (Fig.  1 ) from 

tHS  Us  + tHOMUp  + D^(tj  - tHOM  - tHS)  = Xj  (27) 

Xj  = Us  tj  (28) 


method  of  Thouvcnin  ( 1 3)  as  modified  in  ( 1 4).  l>*  is 
the  detonation  velocity  ol  a detonation,  travelling 
through  a compressed  explosive.  It  was  evaluated 
fiom  the  conservation  equations  and  the  Chapman- 
Jouguet-condition  over  this  detonation  wave,  assum- 
ing an  ideal  gas  equation  of  state  for  the  detonation 
reaction  products.  It  is  further  assumed  that  the 
reaction  takes  place  near  the  shock  front  until  the  hot 
spot  contribution  fus  has  become  constant. 

Eliminating  tj  from  Eqs.  (27)  and  (28)  leads  to  an 
expression  for  Xi : 


Xj  = tHsUs  + 


tHOMUJU*-  Up) 
(D*  Ut) 


(2l>) 


U will  be  clear,  that  with  this  second  method  the 
computation  process  can  be  very  much  simplified. 


tns  = time  necessary  for  f»s  to  become  constant 
tilOM  = induction  time  for  bulk  reaction 
tj  = initiation  time 
xj  = initiation  distance 
Us  = shock  wave  velocity 
Up  = particle  velocity 

D*  = detonation  velocity  in  compressed  medium 
D = detonation  velocity  in  uncompressed 
medium. 

Us  and  Up  arc  the  shock  wave  velocity  and  particle 
velocity  for  a shock  wave  in  a porous  explosive. 
These  quantities  are  assumed  to  be  constant  through 
out  tiie  initiation  process.  They  are  calculated  from 
the  conditions  of  the  non-porous  explosive  with  the 


The  calculations  were  performed  for  PETN  with 
three  densities,  based  on  the  experimental  work  of 
Stirpc  et  al.  (6) and  Seay  et  al.  (IS).  These  shock 
wave  initiation  experiments  were  done  with  wedge- 
shaped  pressed  PETN  samples,  initiateu  with  a plane 
wave  lens/attenuator-donor  system.  The  data  arc 
given  as  distance  to  detonation  vs.  initiating  shock 
wave  pressure.  The  data  for  the  highest  density 
M720  kg/m3)  were  used  to  derive  a relationship  be- 
tween the  induction  time  and  the  initiating  pressure. 
With  this  derivation  it  was  assumed,  that  the  high 
density  material  reacted  according  to  a homogeneous 
explosives  mechanism,  i.e.  the  reaction  starts  behitid 
the  initiating  shock  wave  in  the  place,  where  the 
shock  wave  entered  the  explosive.  This  will  not  be 
exactly  true,  but  it  appeared  that  there  was  a “second 
wave  phenomenon’’  (so  reaction  behind  the  initiating 
shock  wave)  for  the  PETN  of  the  highest  density. 

The  tnoM,  Pj-rclationship  can  be  extracted  from 
Eq.  (29),  putting  tns  = 0 and  using  the  experimental 
data  of  xj  vs.  p;  and  the  Hugoniot.  With  Eq.  (23) 
(induction  time  equation)  and  a curve-fitting  proce- 
dure (16),  several  sets  of  kinetic  parameters  Ea,  k and 
Cv  could  be  determined,  which  simulate  the  experi- 
mental data.  This  procedure  was  felt  to  give  more 
realistic  values  for  the  kinetic  parameters,  than  by 
using  the  literature  values,  determined  at  relatively 
low  temperatures  (rate  of  gassing). 


Fig.  1.  t/x  diagram  of  an  idealised  initiation  process  An  interesting  result  was,  that  the  tjjoM . Pi- 
ta a heterogeneous  expbsive.  relationship  could  be  written  as; 
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•ogtHOM  = A + Blog  Pi  (30) 

A = -4.80  and  B = -2.79  for  pj  between  0.01  and  0.1 
Mbar  and  tnoM  in  jus. 

For  B = -2  Eq.  (30)  resembles  the  eonstant  energy 
initiation  hypothesis  of  Walker  et  al.  (17)  (pj2t),  and 
is  identical  if  tnoM  is  equal  to  the  critical  shock  wave 
pressure  duration  (t)  of  the  initiating  shock  wave. 

With  the  input  data  of  table  1 , it  was  tried  to 
simulate  the  experimental  shock  wave  initiation  data 
of  PETN  at  the  lower  densities  of  1000  kg/m3  and 
1600  kg/m3,  using  the  second  calculation  method 
described.  With  the  first  method  a good  idea  of  the 
initiation  process  can  be  obtained. 


TABLE  1 


Input  data  for  shock  wave  initiation  to  detonation 
calculations  for  PETN  with  densities  of  1000  kg/m 3 
and  1600  kg/m 3 


NOTE:  Rg  is  the  particle  size  which  goes  with  the  mean 
volume  of  the  grains  and  CRg  is  the  standard  deviation  of  Rg 
which  corresponds  to  the  standard  deviation  of  the  grain 
volume.  In  the  same  way  R<(  and  or0  arc  defined,  whereby 
R0  is  calculated  from  Eq.  (4),  assuming  the  same  relation 
between  ORg  und  or0- 


The  values  of  Rg,  ORg,  a and  Fhs  were  chosen 
arbitrarily.  This  was  one  set  of  parameters  which 
gave  a good  correlation  with  the  experimental  data. 

The  precise  values  of  Rg  and  ORg  are  not  known, 
because  the  influence  of  the  pressing  operation  on 
the  particle  size  distribution  is  not  known.  Moreover, 
it  can  be  expected,  that  the  velocity  of  the  wave, 
which  effectively  cools  the  hot  spot  so  that  no  reac- 
tion will  occur,  will  be  smaller  than  c,  which  is 
equivalent  to  a smaller  effective  Rg. 

RESULTS 

The  results  of  the  approximative  calculations 
(method  2)  for  PETN  with  densities  of  1600  and 
1000  kg/m3  with  the  input  data  of  table  1 are  shown 
in  Fig.  2,  together  with  the  experimental  results  of 
Stirpe  et  al.  (6).  The  approximative  calculations  were 
performed  on  the  assumption  dV  = 0,  because  in  the 
Lax-scheme  calculations  this  proves  to  be  the  best 
approximation.  With  the  Lax-scheme  calculations 
the  expected  initiation  process  was  found:  near  the 
shock  front  hot  spot  reaction  and  reaction  according 
to  a homogeneous  explosives  mechanism  behind  it. 


P,  ( kbor ) 

Fig.  2.  Log-Log  plot  of  initiation  distance  vs.  initiat- 
ing pressure  for  shock  wave  initiation  oj  pressed 
PETN  with  densities  of  1000.  1 600  and  1 720  kg/m  3. 
Full  lines  represent  fitted  curves  for  experimental 
data  (6),  the  crosses  and  open  dots  were  calculated. 
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The  place  where  the  detonation  started  depended  on 
the  degree  of  hot  spot  reaction,  and  thus  on  the 
density  of  the  explosive.  In  Fig.  3 the  situation  is 
given  for  explosives  of  several  densities  just  before 
detonation  sets  in;  the  position  of  this  place  with 
respect  to  the  shock  wave  front  is  quite  different 
indeed. 

As  can  be  gathered  from  Fig,  2,  the  fit  is  reason- 
ably good  for  this  set  of  parameters,  though  other 
sets  could  also  give  a close  resemblance  with  the  expe- 
riments. It  appeared,  however,  that  reaction  of  a part 
of  the  hot  spot  volume  with  high  energy  concentra- 
tion gave  the  best  results  (small  a,  large  Fhs)' 
Calculations  wore  also  performed  with  a different  set 
of  kinetic  parameters,  which  gave  about  the  same 
results  as  produced  above  (within  about  10%)  (19). 

DISCUSSION  AND  CONCLUSIONS 

The  one-dimensional  model  described,  based  on 
both  hot  spot  reaction  and  bulk  reaction  as  is  ob- 
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Fig.  3.  Reacted  fraction  f (f between  (land  1 and 
different  scale  uni‘s  for  the  three  curves)  as  a func- 
tion of  distance  in  explosive,  0.04,  0.03  and  0.02  ps 
before  detonation  sets  in,  for  the  densities  1 720, 
1600  and  1000  kg/m3  respectively. 


served  for  homogeneous  explosives,  predicts  the 
following  features  for  shock  wave  initiation  of  heter- 
ogeneous explosives  (voids): 

1 . There  is  a critical  condition  for  hot  spot  reac- 
tion to  occur  (Eq.  7)  or,  in  case  of  a particle  size 
distribution,  to  be  of  any  importance.  The  hot  spot 
reaction  is  facilitated  by  larger  particle  size  and 
smaller  density  of  the  explosive.  This  is  in  confirma- 
tion with  the  experimental  observation  that  an 
explosive  is  more  sensitive  with  larger  particle  size 
and  lower  density— see  e.g.  (5).  The  particle  size 
effect  disappears  with  large  initiating  pressures  when 
r becomes  very  short. 

2.  Once  a certain  fraction  of  the  explosive  decom- 
poses through  hot  spot  reaction  under  the  influence 
of  the  initiating  shock  wave,  the  shock  wave  will  be 
continuously  strengthened  till  the  maximum  hot  spot 
contribution  will  be  attained.  This  process  will  be 
more  continuous  than  described  by  the  model 
because  of  the  different  geometries  and  sizes  of  the 
hot  spots,  leading  to  different  energy  concentrations, 
reaction  times  and  reacted  fractions.  The  time 
needed  to  reach  the  maximum  hot  spot  contribution 
will  also  depend  on  the  hot  spot  parameters  (geome- 
try, size  etc.).  The  reacted  wave  thus  obtained  could 
be  similar  to  a low  velocity  detonation  wave.  In  the 
one-dimensional  model,  however,  (without  rarefac- 
tion influence)  the  strengthened  shock  wave  will 
initiate  a bulk  leaction  which  starts  behind  this  shock 
wave.  The  place  where  this  reaction  starts  will 
depend  on  the  degree  of  strengthening  of  the  shock 
wave,  hence  on  the  density.  So  the  “second  wave 
phenomenon”  should  be  observed  with  the  highest 
densities,  whereas  with  the  lower  densities  the  bulk 
reaction  can  be  so  close  to  the  shock  wave  front,  that 
it  seems  to  be  a continuous  build-up  process.  This  is 
in  agreement  with  the  experimental  results  of  Stirpe 
et-ai.  (6). 

It  is  clear,  that  curing  the  hot  spot  build-up 
process,  “single  curve  build-up”  (21)  is  explained  by 
the  model  and  it  is  striking,  that  Boyle  (22)  could  ex- 
plain the  shock  wave  initiation  experiments  with 
tetryl  of  Lindstrom  (21)  with  a hot  spot  initiation 
model  with  single  curve  build-up  except  for  the  high- 
est density. 

3.  There  is  a good  deal  of  simplification  in  the 
model,  in  describing  the  hot  spot  (temperature,  size 
etc.)  and  in  the  method  of  formation  of  the  hot  spot 
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(shock  focussing  when  a void  collapses).  In  practice 
the  hot  spot  size,  temperature  and  geometry  will  be 
much  more  complicated,  while  also  other  hot  spot 
foiination  processes  could  be  operative.  In  spite  of 
this,  there  will  be  no  change  in  the  fundamental 
principles  of  the  model  and  the  accuracy  with  which 
the  hot  spots  can  be  described  will  be  of  influence  on 
the  results. 

4.  For  a set  of  input  data,  partially  derived  from 
shock  wave  initiation  of  detonation  experiments  for 
PETN  at  high  density,  the  data  for  two  other  densi- 
ties could  be  simulated  reasonably  well. 
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The  properties  of  shock  waves  in  explosives  are  considered  here  with  particular 
attention  given  to  the  effects  of  chemical  kinetics  and  arbitrary  wave  surface 
curvatures  on  the  evolutionary  behavior  of  these  waves.  The  analysis  treats  a shock 
surface  as  a propagating  singular  surface  across  which  the  particle  velocity  suffers  a 
finite  jump;  possible  jumps  in  the  extents  and  rates  of  reactions  are  also  taken  Into 
account.  The  reactions  may  be  exothermic  or  endothermic,  and  the  shock  strengths 
need  not  be  uniform  over  each  shock  surface. 

The  objective  of  this  analysis  is  to  examine  the  conditions  for  which  the  ampli- 
tude of  a shock  may  grow,  decay,  or  remain  constant.  The  results  are  applicable  to 
shock  initiation  and  detonation  processes.  We  also  consider  various  limiting  cases 
of  our  general  results,  including  the  Zel’dovich-von  Neumann-Doering  and 
Chapman- Jouguet  models  of  detonation.  The  effects  of  wave  surface  curvature 
| on  shock  evolution  are  illustrated  with  the  aid  of  data  for  the  explosives  PBX- 

J 9404  and  X-0219. 

» — - - 

! 


i 
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1 INTRODUCTION 

This  paper  is  an  attempt  to  develop  a broad  frame- 
work for  the  study  of  shock  waves  in  explosive  mate- 
rials in  that  we  examine  the  effects  of  chemical  kine- 
tics and  arbitrary  wave  surface  curvatures  on  the 
evolutionary  behavior  of  the  amplitudes  of  these 
waves.  We  do  not  assume  a priori  that  the  shock 
strengths  are  uniform  over  each  shock  surface;  and 
across  the  shock  surfaces,  regarded  as  propagating 
singular  surfaces,  we  allow  for  possible  changes  in 
the  extents  and  rates  of  reaction.  The  results  of  this 
work  extend  and  generalize  those  of  rumerous  pre- 
vious authors.  It  (i)  includes  the  alternative  classical 
treatments  of  detonation,  viz.,  the  Chapman-Jouguet 
model  and  the  Zel’dovich-von  Neumann-Doering 
model,  and  (ii)  provides  alternative  treatments  of 
local  wave  amplitude  growth  or  decay  in  shock  ini- 
tiation calculations. 


Such  a broad  framework  is  of  value  in  that  it 
places  the  existing  approaches  to  explosive  problems 
in  perspective,  and  it  clearly  points  out  the  types  of 
information  which  must  be  determined,  either  theo- 
retically or  experimentally,  in  order  to  employ  a 
given  model  in  practice.  The  terms  involving  changes 
in  the  extents  and  rates  of  reaction  appear  as  a sum 
in  the  general  expression,  and  this  sum  may  be  deter- 
mined using  experimentally  determined  Hugoniot  and 
shock  amplitude  evolution  data.  However,  we  cannot 
determine  explicitly  the  individual  contributions  of 
these  two  terms.  In  view  of  this  difficulty,  we  exam- 
ine the  consequences  of  the  existence  of  a known 
function  giving  the  extents  of  reaction  behind  a 
shock,  and  show  how  this  function  can  be  used  to 
ascertain  the  influences  of  the  various  parameters. 

We  also  examine  the  contribution  of  wave  surface 
curvature  toward  the  strengthening  or  weakening  of 
a shock  and  this  contribution  is  shown  to  be  a term 
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wliich  can  simply  be  added  to  the  results  derived 
from  plane  shock  experiments. 

2.  PRELIMINARIES  AND  CONSTITUTIVE 
ASSUMPTIONS 

In  tikis  paper  we  consider  a curved  shock  wave 
propagating  in  a chemically  reacting  but  nondiffusing 
fluid  mixture,  and  examine,  in  particular,  the  effects 
of  chemical  kinetics  and  curvature  on  the  evolution- 
ary behavior  of  its  amplitude.  To  this  end,  we  pre- 
sume that  the  internal  energy  e,  the  pressure  p,  and 
the  absolute  temperature  0 are  determined  by  the 
specific  volume  v,  the  entropy  s,  and  an  N-vector  £, 
i.c..(l) 

e = e(u,  s,£)  , 

p = p(u,s,£),  (2.1) 

0 = 0(u,  s,f) , 

The  components  (ii , ....  $n)  of  £ characterize  the 

extents  of  reaction  of  the  N independent  chemical 
reactions  taking  place  in  the  fluid.  In  addition,  the 
rate  of  reaction  vector  £ is  given  by 

£ = w(u,  s.£).  (2.2) 

The  response  functions  c,  p,  and  0 are  not  independ- 
ent. Indeed,  the  second  law  of  thermodynamics  re- 
quires that 

P = , 0 = es  ; (2.3) 

and  that 

a • w > 0 , (2.4) 

where  a = d(u,  s,  £)  is  the  chemical  affinity  defined  by 
a = -et  . (2.5) 

The  quantity  h,  defined  by 

h = pt  - o , (2.6) 

Ps 

is  called  the  heat  of  reaction.  The  reactions  taking 
place  in  the  mixture  are  said  to  be  exothermic  if 
h • w < 0 or  endothermic  if  h • u>  > 0. 


In  addition  to  the  preceding  properties  we  pre- 
sume, as  is  physically  reasonable  in  most  cases,  that 
the  response  function  of  the  pressure  has  the 
properties 

Pe  < 0 , puu  > 0 , ps  > 0 (2.7) 

for  all  (u,  s,  £).  Clearly,  the  inequalities  (2.7)  are  the 
usual  conditions  which  ensure  that  the  fluid  mixture 
can  support  a compressive  shock. 

The  mo. ion  of  the  fluid  is  described  by  the  func- 
tion x which  gives  the  present  position  x = x(X,  t)  of 
the  material  point  X at  time  t.  As  is  customary,  we 
identify  each  material  point  X with  its  position  in  a 
fixed  homogeneous  configuration  with  mass  density 
p0.  The  particle  velocity  x and  the  deformation 
gradient  F are 

*‘5?.  fVxX-  (2-8) 

We  presume  that  the  motion  of  the  fluid  contains  a 
shock.  Its  speed  of  propagation,  a measure  of  the 
speed  with  which  the  shock  traverses  the  fluid,  is 
denoted  by  Un.  In  addition,  across  the  shock  the 
motion  is  continuous,  but  the  velocity,  the  deforma- 
tion gradient  and  the  higher  order  derivatives  of  the 
motion  suffer  finite  jump  discontinuities.  In 
particular, 

[k]  = u,  [F]  = - — u ® N , (2.9) 

UN 

where  u is  called  the  amplitude  vector  and  N is  the 
unit  normal  to  the  shock  surface  in  the  reference  con- 
figuration (2).  In  writing  (2.9)  we  have  made  use  of 
the  usual  notation  to  denote  the  jump  [\//]  of  any 
quantity  \p  across  the  shock,  i.e.,  ty]  = \p~  - with 
i and  \p+  being  the  limiting  values  of  i p immediately 
behind  and  just  in  front  of  the  shock.  In  the  spatial 
configuration  the  unit  normal  to  the  shock  surface  is 
denoted  by  n,  and  its  speed  of  displacement,  a measure 
of  the  speed  with  which  the  shock  traverses  space,  is 
denoted  by  Un.  The  relations  between  the  speeds 
and  the  normals  are  simply 

UN  = (U„-x*  -n)  , (2.10) 

IF*  *n| 
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ft* 

|f=TTn|' 


(2.11) 


The  relation  between  the  specific  volume  u and  the 
mass  density  p is,  of  course,  u = 1/p,  and  it  follows 
from  the  requirement  of  balance  of  mass 

I.o(Un  _ x • n)l  =0  (2.12) 


that 


lv) 


- u • n . 
n 


(2.13) 


where  j = p0/p.  Further,  balance  of  linear  momentum 
asserts  that 


[p ] n = pT(Un-x*  • n)[x]  ; (2.14) 

and,  in  view  of  (2.9)i  and  (2.14),  we  see  that  the 
amplitude  vector  u is  proportional  to  the  normal  n, 
i.c., 


u = un.  (2.15) 

We  call  u the  amplitude,  and  it  corresponds  to  the 
particle  velocity  jump  across  the  shock.  Clearly,  it 
follows  from  (2.13)  and  (2.15)  that 

u0JT 

[o]  = 2 u.  (2.16) 

Un  - x*  • n 

That  is,  the  jump  in  the  specific  volume  across  the 
shock  is  proportional  to  the  amplitude.  Further,  it 
follows  from  (2.9)i , (2.14),  and  (2.16),  that 

(p*)2(Un-x*-n)2  = -jjj.  (2.17) 


3.  EVOLUTIONARY  BEHAVIOR  OF  THE 
AMPLITUDE 

Before  we  derive  the  differential  equation  which 
describes  the  evolutionary  behavior  of  the  amplitude, 
let  us  consider  the  properties  of  the  entropy  s and  the 
extents  of  reaction  It  seems  natural  that  the  en- 
tropy is  discontinuous  across  the  shock,  i.e.,  [s]  0. 

However,  whether  the  shock  induces  abrupt  changes 


in  the  extents  of  reaction  remains  an  open  question. 
At  present,  there  are  two  schools  of  thought.  The 
first  maintains  that  reaction  times  are  large  compared 
to  the  shock  rise  time.  Hence  it  may  be  assumed  that 
there  is  no  jump  in  the  extents  of  reaction  across  the 
shock  and  that  chemical  reactions  occur  only  in  the 
regions  immediately  behind  the  shock  front.  The 
second  asserts  that  the  shock  induces  at  least  partial 
chemical  reactions  which  progress  to  completion  in 
the  regions  behind  the  shock  front.  As  we  shall  see, 
studies  of  the  evolutionary  behavior  of  the  shock  do 
not  resolve  this  question. 

We  now  record  the  differential  equation  which  the 
amplitude  u,  or  equivalently  [u] , must  obey.  We 
assume,  in  general,  that  [{)  ^ 0 and  ¥=  0;  and  the 
cases  (i)  when  [f]  = 0 and  # 0 or  (ii)  when  ({]  ¥=  0 
and  = 0 follow  as  special  cases.  We  also  assume 
that  the  fluid  mixture  is  initially  at  rest  in  a fixed 
homogeneous  configuration,  and,  for  convenience, 
we  take  this  configuration  to  be  the  reference  con- 
figuration. Since  the  derivation  of  this  equation  is 
quite  tedious  as  well  as  technical  and  since  deriva- 
tions of  some  of  its  special  cases  have  appeared  in 
the  literature  (3,4),  we  will  not  repeat  the  analysis, 
but  will  simply  record  the  results.  It  can  be  shown 
that  the  jump  in  the  specific  volume  across  the  shock 
must  obey  the  equation 


6[u)  t)0UN(l  -P)(2t-  1) 

6t  (3p  + 1)t  - (3p~  1)  n)' 

where 


X 


Ps~ 

UoPjU  -p)Un0" 


(1  + [i>]/uo)M/u0  , r 

+ br 


(3.2) 


cn  = n • c , (3.3) 

with  c1  = [x^J  N“N0.  In  (3.1)  S/6t  denotes  the  dis- 
placement derivative  which  gives  the  time  rate  of 
change  of  a quantity  associated  with  the  shock  surface, 
and 


M 


r = 


r . 

PTM  ’ 


(3.4) 
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and,  in  (3.2),  b£  is  the  mean  curvature  of  the  shock 
surface  (5).  Formula  (3.1)  applies  at  each  point  on 
the  shock  surface;  it  indicates  that  the  time  rate  of 
change  of  the  jump  lu]  is  proportional  to  the  dif- 
ference X - cn.  Cn,  of  course,  characterizes  the  wave 
form  immediately  behind  the  shock.  X depends,  in 
particular,  on  the  thermal,  chemical  and  mechanical 
properties  of  the  fluid  mixture  and  the  mean  curva- 
ture of  the  shock  surface. 

We  should  also  remark  that  in  writing  (3.1)  we  do 
not  assume  that  the  shock  strength  is  uniform  over 
the  entire  shock  surface.  Hence  (3.1)  indicates  that 
the  evolutionary  behavior  of  the  amplitude  at  some 
point  on  the  shock  surface,  in  general,  differs  from 
that  at  any  other  point.  It  should  also  be  clear  that 
the  only  curved  shocks  which  may  persist  in  time  are 
cylindrical  and  spherical  shocks  of  uniform  amplitudes. 

Formula  (3.1 ) may  be  rewritten  in  terms  of  the 
amplitude  u and  the  normal  component  of  the  ac- 
celeration immediately  behind  the  front  (6),  viz., 


4.  FURTHER  IMPLICATIONS  OF  THE  SHOCK 

AMPLITUDE  EQUATION 

Formula  (3.5)  which  governs  the  evolutionary  be- 
havior of  the  shock  amplitude  is,  of  course,  quite 
general,  in  that  it  contains  as  special  cases  a number 
of  results  which  are  of  interest.  In  particular,  the 
quantity  X,  defined  by  (3.7)  and  sometimes  referred 
to  as  the  critical  acceleration,  may  be  rewritten  in  the 
form 


^ ~ ^ehem  + ^curv  > 


(4.1) 


where 


^chem  “ 


Pi  UN 


vopja  -/o»‘ 


Mm 
fit  J 

(4.2) 


is  the  critical  acceleration  due  to  the  thermal,  chemical 
and  mechanical  properties  of  the  fluid  mixture;  and 


6u 

St 


a 

P + a(fi  + 1 ) 


(n  * ic-  — A) , 


(3.5) 


kCUJV 


(Un-u)u 

1 -li. 


bj: 


(4.3) 


where 


( 1 - M)(2r  - 1 ) 


(3#i+l )r  - (3*i  - 1)  ’ 

0 = a&Lz±\ 

p *i(2r-l)  + r(l-*i) 


is  the  critical  acceleration  due  to  the  geometrical  prop- 
erties of  the  shock  surface.  Clearly,  if  we  have  a plane 
shock,  then  bp  = 0 and  X = 0;  and  if  we  have  a 
cylindrical  shock  or  a spherical  shock,  then  bp  = 4 1/r 
or  bp  = ?2/r  with  r being  the  radius  of  the  cylindrical 
(3.6)  or  spherical  shock  surface  (7).  As  we  have  remarked 
earlier,  only  these  shocks  with  uniform  amplitudes 
may  persist  in  time. 


and 

i- -JEW) 

OoPjC ' 2r  - 1 fit  / 

(3.7) 

(UN  -u)u  t p 
—\-U  br- 

The  result  (3.5)  is  much  more  useful  in  the  interpreta- 
tion of  experimental  data  in  that  the  amplitude  u and 
the  normal  component  of  the  acceleration  may  be  ob- 
tained directly  from  experimental  data.  Henceforth, 
we  shall  restrict  our  discussions  to  (3.5)  rather  than 
(3.1). 


We  now  turn  our  attention  to  the  consideration  of 
the  critical  acceleration  XChem.  Here,  we  recall  that 
in  our  derivation  of  (3.5)  we  presume  that  the  shock 
induces  at  least  partial  reactions  which  progress  to 
completion  in  the  regions  behind  the  shock.  The  con- 
sequences of  this  assumption  are  manifested  in  the 
definition  of  X chem  in  that  it  depends,  in  particular, 
on  and  6 [£]  /6t.  The  term  involving  character- 
izes the  ongoing  reactions  in  the  regions  behind  the 
shock  while  the  term  involving  5 (f]/5t  exhibits  the 
fact  that  tiie  shock  induces  at  least  partial  chemical 
reactions. 

There  are  important  implications  to  the  pos- 
sibility of  a finite  jump  in  the  extents  of  reaction. 
When  [(]  # 0,  any  measured  Hugoniot  will 
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implicitly  contain  the  effects  of  the  reaction  jump, 
but  this  will  not  necessarily  be  obvious  in  the  inspec- 
tion or  usage  of  the  data.  Further,  experimental  re- 
sults on  shock  amplitude  evolution  can,  in  principle, 
be  properly  applied  to  determine  Xchcm  through  the 
usage  of  the  measured  Hugoniot  properties  without 
regard  to  whether  or  not  ({■]  = 0 at  all  shock  ampli- 
tudes. However,  information  on  Xchcm  cannot,  in 
general,  be  used  to  evaluate  the  terms  involving 
A[$l/St  and  In  the  absence  of  any  quantitative 
experimental  verification,  Mader  (8)  has  judiciously 
included  the  effects  of  both  of  these  terms  in  his 
model  for  shock  initiation  of  explosives,  based  on 
the  experimental  observations  of  Drernin  and 
Koldunov  (9),  Craig  and  Marshall  ( 1 0),  Kennedy 
(11,12),  and  Wackerle  and  Johnson  (13,14). 


Zel’dovich-von  Neumann-Doering  Model 

The  classical  Zel’dovich-von  Neumann-Doering 
(2ND)  model  of  a detonation  wave  is  based  on  two 
assumptions,  i.e.,  (i)  a nonreactive  shock  followed  by 
(ii)  reactions  which  are  complete  at  the  Chapman- 
Jouguet  (C-J)  sonic  plane.  Recent  work  by  Bdzil  and 
Davis  ( 1 5)  discusses  evidence  which  suggests  that  the 
second  assumption  of  completion  of  reactions  at  the 
sonic  plane  is  inadequate  to  explain  all  the  observed 
phenomena  in  the  detonation  of  explosives.  We  note 
that  assumption  (i),  viz.,  I{]  = 0,  should  also  be  con- 
sidered open  to  question.  The  equation  governing 
the  evolutionary  behavior  of  the  shock  amplitude 
within  the  context  of  the  ZND  model  follows  as  a 
special  case  of  (3.5).  In  fact,  (3.5)  is  still  the  gov- 
erning differential  equation,  but  now  Achem  has  the 
obvious  reduced  form  (3.16) 


^chem  Xchem  - 


Ps’Un 


UopJO  ~vW 


r. 


(4.4) 


The  classical  arguments  regarding  the  properties  of 
shock  transition  may  now  be  adapted  to  show  that 
the  shock  must  be  compressive,  i.e.,  u > 0,  and  that 
H,  defined  by  (3.4)i , must  satisfy  the  inequality 
0<n<  1 . Hence  (4.4)  with  (2.7)  implies  that 
Xdiem  < 0 if  the  reactions  occurring  in  the  regions 
behind  the  shock  are  exothermic,  and  IJheni  > 0 if 
the  reactions  occurring  in  the  regions  behind  the 
shock  are  endothermic,  it  also  follows  from  (4.3) 
that  for  a shock  with  negative  mean  curvature  (e.g., 


a spherically  diverging  shock)  Xcurv  > 0,  and  for  a 
shock  with  positive  mean  curvature  (e.g.,  a spher- 
ically converging  shock)  Xcurv  < 0. 


Chapman-Jouguet  Model 

Another  classical  model  of  a detonation  wave 
hinges  on  the  assumptions  that  the  shock  induces 
instantaneous  chemical  reactions,  and  that  there  are 
no  ongoing  reactions  in  the  regions  behind  the  shock. 
Within  this  context,  it  is  clear  that  the  jump  [£]  # 0 
and  = 0.  The  propagation  properties  of  such  a 
shock  have  been  presented  by  Courant  and  Friedrichs 
(17);  its  evolutionary  behavior  is  described  by  an  ob- 
vious special  case  of  (3.5).  In  effect,  Courant  and 
Friedrichs  also  assumed  that  the  regions  behind  the 
shock  are  in  a state  of  strong  thermochemical  equi- 
librium, i.e.,  o = 0.  This  assumption  then  allows  us 
to  solve  for  the  extents  of  reaction  behind  the 
shock  in  terms  of  u”  and  s~  ( 1 8),  In  view  of  this 
observation,  further  simplification  of  (3.5)  results. 

In  a recent  paper  Bowen  and  Chen  (19)  presented  an 
extended  discussion  of  the  evolutionary  behavior  of 
plane  waves  within  this  context.  However,  since  the 
consequences  of  the  Chapman-Joi  guet  model  are  not 
the  main  thrust  of  this  paper,  we  will  not  repeat  here 
their  analysis  for  the  three  dimensional  problem. 

We  now  return  to  the  consideration  of  (3.5).  As 
we  have  remarked  earlier,  experimental  results  on 
shock  amplitude  evolution  can,  in  principle,  be 
applied  to  determine  Xdiem  through  the  use  of  meas- 
ured Hugoniot  properties.  In  effect,  experimenters 
measure  the  particle  velocity  histories  of  a mechanical 
disturbance  at  several  material  points  of  an  explosive 
of  interest.  From  these  data,  we  can  then  deduce  the 
shock  amplitude  u,  its  time  rate  of  change  6u/dt,  and 
the  normal  component  n • k“  of  the  acceleration  be- 
hind the  shock.  Also,  the  measured  Hugoniot  data 
may  be  expressed  as  a known  function  of  the  shock 
amplitude,  i.e., 


UN  - f(u) . (4.5) 

Now,  an  examination  of  (3.5)  reveals  that  if  we  know 
the  value  of  the  coefficient  of  its  right-hand  member, 
then  these  experimentally  determined  data  will  per- 
mit us  to  calculate  and,  in  order  that  we  may  deter- 
mine this  coefficient  we  must  know  the  quantities  n 
and  t,  defined  by  (3.4). 


i 
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The  quantity  r inay  be  rewritten  in  the  form 


(4.6) 


Balance  of  energy  states  that  across  the  shock 

Ie]  +^(P"+P+)M  = 0,  (4.13) 

and,  in  view  of  (2.1  )i , we  have 


where 

7 = y v , (4.7) 

is  the  well-known  Griinciscn  parameter.  Hence,  if  we 
can  specify  y corresponding  to  the  state  behind  the 
shock  and  assume  that  py  = constant,  then  t may  be 
determined.  In  view  of  (4.5),  we  sec  that  p may  be 
determined  provided  that  we  know  p„ . As  we  shall 
see,  the  determination  of  p„  is  quite  complex,  but 
most  interesting. 


c(u-,s  ,r>  - e(u0,s+,|+)  + ^ (p"  + p+)[u]  = 0 . 

(4.14) 

We  assume  that  there  exists  a function  such  that 

r = iH(u_);  (4-15) 

and  since  ps  > 0,  we  have  via  (2. 1 )2 

s = p-'fu,  p,  J),  (4.16) 


In  view  of  our  assumption,  viz.,  the  fluid  mixture 
is  initially  at  rest  in  a fixed  homogeneous  reference 
configuration,  balance  of  linear  momentum  (2.14) 
with  (2. 15)  reduces  to 

P~  - P+  PoUnu  . (4.8) 

Formulae  (4.5)  and  (4.8)  imply  that  there  exists  a 
function  pH  such  that 

P"  = Ph(u)  = P0f(u)u  + P+  • (4-9) 

Further,  formulae  (2.13)  and  (2.15)  imply  that 

UN  - u 

= u°  U (4.10) 

uN 


where  p_1(u,  *,  £)  denotes  the  inverse  of  p(u,  •,  £). 

We  now  define  the  function  H such  that 

H(iT,p-)  = c(u^p“l(u",p",$H0r)),$H(O) 

-e(u0,p-l(u0,p+,{+),  f+)  (4.17) 

+ ^ (P'  + P+)M  ■ 

Notice  that  H depends  on  the  underlying  stare 
(u0,  p+,  £+);  this  dependence,  however,  need  not  be 
rendered  explicit.  In  view  of  (4.14;  and  (4.17),  we 
have 

H(iT,p“)  = 0,  (4.18) 

which  together  with  (4.1 1)  implies  that 


which  together  with  (4.5)  indicates  that  v~  is  given 
by  a known  function  of  u.  Hence,  we  may  assume 
that  there  exists  a function  pH  such  that 


dH 

du" 


(4.19) 


P'  = Ph(*;")-  (4-1 1) 

By  (4.9)  and  (4.1 1),  we  have 

PH^u)  = P»(0  % ■ (4-12) 

Since  pn(u)  and  diT/du  are  known,  we  now  have  an 
explicit  expression  for  pH(>;-)  in  terms  of  u. 


and  consequently 

pH(tf)  = -(9H/9tT)/(9H/9p“) . (4.20) 

It  can  readily  be  shown  that 


and 


9H 

9u“ 


r; 

p; 


+ \ M , 


(4.21) 
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9H 

3u" 


M' 


p; 


(p)  + h"  • ) . 


(4.22) 


Hence,  (4.20)  with  (4.21 ) and  (4.22)  implies 


Pij(u') 


pJ(2t-m)  ^ h‘-{'„(i;') 

2t  - 1 + 2 (2t-  1)[u]  ‘ 


(4.23) 


Formula  (4.23)  gives  another  expression  for  pj|(u~). 
Clearly,  if  we  can  specify  the  heat  of  reaction  h,  the 
function  £jj  and  the  Griineisen  parameter  y corre- 
sponding to  the  condition  behind  the  shock,  we  may 
then  determine  pj  by  substituting  (4.23)  into  (4. 12). 


In  view  of  the  preceding  results,  we  sec  that  we  arc 
now  in  the  position  to  calculate  X using  experimental 
information  concerning  shock  amplitude  evolution. 
Further,  since  knowledge  of  p and  Hugoniot  data  also 
allows  us  to  determine  Xcurv  for  any  given  mean  curva- 
ture, formula  (4.1)  indicates  that  Xchem  can  now  be 
determined.  Perhaps,  the  most  interesting  aspect  of 
our  results  follows  from  our  assumption  of  the  exist- 
ence of  the  function  £H , defined  by  (4. 1 5).  Since 
(4.15)  implies 


_ SIt») 
fit  fit  ’ 


(4.24) 


and  since  5 M/5  .y  be  rewritten,  via  (4.5)  and 
(4.10),  in  terms  ot  u a;.d  fiu/fit,  it  is  quite  evident 
that  the  individual  contributions  of  the  terms  in- 
volving 6 [£]/5t  and  in  the  definition  of  \dM!|n 
can  be  ascertained. 


The  existence  of  the  function  and,  conse- 
quently (4.24),  allows  us  to  rewrite  (3.1)  in  the 
form 


6[u] 


uoUnpOH1  ~ M)(2t  ~ 1) 


6t  Pj(y){(3p+  1 )t  - (3p-  1)}  + 3h“-$'H 
X(Xt~cn),  (4.25) 


where 


xt  = -■ 


Ps 


“oM1  -m)Uno‘ 


h"  • £" 


(1  + (u)/u0)M/u0  ,, 

+ bp  • 


(4.26) 


Formula  (4.25)  gives  the  explicit  expression  for  the 
evolutionary  behavior  of  the  shock  when  the  function 
£ l!  is  specified.  Clearly,  an  equivalent  relation  for 
(3.5)  could  be  readily  derived.  In  view  of  our  pre- 
ceding discussions  the  usefulness  of  (4.25)  should  be 
quite  evident. 


5.  APPLICATIONS  OF  OUR  RESULTS 

It  would  now  be  interesting  to  evaluate  certain 
aspects  of  our  results  with  respect  to  the  explosives 
PBX-9404  and  X-0219.  PBX-9404  is  a somewhat 
sensitive  explosive  in  that  it  is  not  difficult  to  initiate, 
and  X-0219  is  quite  insensitive.  In  the  sequel  we  hope 
to  offer  some  reasons  for  this  difference  in  sensitivity. 

First,  let  us  assume  there  is  no  jump  in  the  extents 
of  reaction  across  the  shocks  and  evaluate  the  effect 
of  the  shock  surface  curvature,  i.e.,  we  are  adopting 
the  ZND  model.  In  particular,  we  shall  compare  the 
values  of 


U (UN*u)u 


(5.1) 


for  various  shock  amplitudes.  Table  1 lists  the  rele- 
vant information  required  for  the  evaluation  of  the 
right-hand  member  of  (5.1). 


The  results  shown  graphically  in  Fig.  1 indicate 
that  for  the  same  mean  curvature  bjl  the  damping 
effect  due  to  Xcurv  for  X-0219  is  somewhat  less  than 
that  for  PBX-9404.  This  is  a most  curious  observa- 
tion in  chat  it  is  known  that  shocks  in  X-0219  have 
great  difficulty  in  corner  turning  and  this  has  been 
conjectured  to  be  due  to  strong  curvature  effects. 

We  then  evaluate  the  coefficient 


t>0P  J(i-v)0~ 

which  appears  in  the  definition  of  X^,,,  and  X^,cm. 
Clearly,  this  coefficient  is  a manifestation  of  the 
thermomechanical  properties  of  an  explosive.  Its 
values,  determined  using  the  same  information  given 
in  Table  1 , are  shown  graphically  in  Fig.  2.  These 
results  indicate  that  the  thermomcchanical  properties 
of  X-02 1 9 lower  the  amplifying  effects  due  to  chem- 
ical heat  release  by  half  an  order  of  magnitude  com- 
pared with  those  of  PBX-9404.  In  view  of  the  fact 
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that  the  chemical  heat  release  rate  of  X-02I9  is  also  recently  proposed  a model  whereby  they  specify  f .j 

less  than  that  of  PBX-9404,  it  seems  it  is  this  com-  and  f“  as  functions  of  shock  strength.  In  this  situa- 

bination  of  effects  which  causes  X-0219  to  be  dif-  tion  the  heat  of  reaction  h is  given  by  the  single 

ficult  to  initiate.  parameter  (22) 

In  Fig.  3,  we  illustrate  the  effect  of  curvature  on  h = -1 .370  keal/g  , (5.3) 

the  critical  acceleration,  X.  X^j,em  for  plane  shock 

waves  in  PBX-9404  is  taken  from  the  results  of  and  we  have  the  reactive  Hugoniot  (24) 

Kennedy  and  Nunziato  (20),  and  we  use  (3.7)  to 

evaluate  X for  spherically  diverging  shocks  of  two  UN(cm/ps)  = 0.246  + 2.53u  . (5.4) 

finite  radii  of  curvature.  Notice  that  in  some  in- 
stances the  damping  effect  due  to  £CUIV  is  sufficient  We  now  consider  plane  waves  and  determine,  using 

to  overcome  the  amplifying  effect  due  to  X^,em  so  experimental  values  (20)  of  Su/6t  and  n • x"  versus 

that  X > 0 whereas  X^m  < 0.  t,  the  values  of  Xchem  via  (3.5)  with  b}^  = 0.  The 

values  of  X^,^  so  determined  can  be  viewed  via  (4.2) 

We  also  consider  an  example  of  the  situation  when  as  restrictions  between  the  jump  If]  in  the  products 

the  jump  in  extents  of  reaction  is  not  zero  for  the  of  reaction  and  the  rate  of  reaction  f ~ behind  the 

explosive  PBX-9404.  Here,  we  take  the  extents  of  shock,  in  that  specification  of  either  one  of  these 

reaction  to  be  a single  parameter  f characterizing  the  quantities  leads  to  the  specification  of  the  other, 

products  of  reaction.  Mader  and  Forest  (23)  have  That  is,  the  jump  [f]  and  the  rate  f " cannot  be  in- 

dependent of  each  other.  Hence  we  may  adopt 
Madcr’s  (8)  function  fH,  which  is  consistent  with 


u , mm/j/s 

Fig.  2.  Thermomechanical  coefficient,  -p~UN/ 

Fig.  1.  Generalized  critical  acceleration  due  to  curva-  v0Pv(  l “ p)0~,  as  a function  of  shock  amplitude  for 
lure,  -^fun,/6[\  as  a function  of  shock  amplitude,  u,  unreactive  PBX-9404  and  X-0219.  This  coefficient 

for  unreactive  PBX-9404  and  X-0219.  Note  that  the  couples  the  chemical  energy  release  to  the  critical 

values  arc  comparable  for  the  two  explosives.  acceleration,  X,  per  (4.2). 


TABLE  1 


U,  mm/fis 

Fig.  3.  Critical  acceleration,  A,  for  various  radii  of 
curvature  for  unreactive  PBX-()404.  The  plane  shock 
response  (r  = °°)  is  taken  from  the  data  of  Kennedy 
and  Nunziato  (20). 


the  reactive  Hugoniot  (5.4),  and  make  use  of  (4.2) 
along  with  the  values  of  ^chem  to  determine  the  rate 
of  reaction  i;  . The  results  are  shown  graphically  in 
Fig.  4 and  compared  with  those  determined  by 
Kennedy  and  Nunziato  (20),  who  adopted  the  ZND 
model.  It  is  of  interest  to  note  that  these  two  curves 
agree  at  the  lower  values  of  u for  which  we  have  data 
For  larger  shock  amplitudes,  the  values  of  which 
are  consistent  with  Mader’s  function  are  greater 
than  those  of  Kennedy  and  Nunziato;  this  is  a direct 
consequence  of  the  influence  of  the  term  5tJ]/6t  in 
(4.2).  In  Fig.  4 we  also  show  the  values  of  the  func- 
tion recently  proposed  by  Mader  and  Forest  (23), 
and  we  observe  that  it  lies  between  the  two  curves 
based  on  alternative  interpretations  of  experimental 
data. 
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The  Hu%  dot  of  unreacted  dextrinated  lead  azide  has  been  determined  using  a 2.5 
inch  bore  gas  gun.  The  Hugoniot  is  linear  up  to  10  kbar  and  can  be  represented  by 
the  equation  a = 41.7  Up  (a  in  kbar  and  Up  in  mm/psec).  The  initiation  threshold 
to  long  duration  (3.5  p sec)  shocks  was  6. 0 kbar.  For  short  duration  (0.1  psec) 
shocks  the  lead  azide  was  inpacted  by  thin  flyers  accelerated  by  exploding  foils. 

The  short-pulse  initiation  threshold  for  polyvinyi  lead  azide  is  4.2  kbar  for  a density 
of  3.6  gm/cc,  and  2. 1 kbar  for  dextrinated  lead  azide  for  a density  of  2. 9 gm/cc. 
Comparison  of  the  initiation  threshold  measurements  suggest  that  there  is  a mini- 
mum thickness,  or  a run-up  distance,  before  detonation  occurs  which  is  independ- 
ent of  pulse  width  with  stresses  up  to  10  kbar.  The  explosive  shows  a gradual  transi- 
tion from  an  unreactive  shock  to  a stable  detonation  which  is  similar  to  that 
observed  for  heterogeneous  secondary  explosives. 


(This  paper  has  been  published  in  The  Journal  of  Chemical  Physics,  Volume  64,  No.  6,  March  1976.) 
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A number  of  explosive  azides,  including  lead  azide,  can  be  initiated  by  the  applica- 
tion of  sufficient  voltage  via  conducting  electrical  contacts.  Such  electric  field 
initiation  phenomena  have  been  intensively  studied  because  of  relevance  to  safety 
problems  and  to  potential  new  fuzing  applications.  It  has  not  been  possible, 
however,  to  relate  the  results  of  experiments  conducted  under  different  conditions 
on  different  sample  forms.  We  summarize  here  new  theoretical  and  experimental 
results  on  the  electric  field  initiation  of  explosive  azides.  They  further  characterize 
and  elucidate  field  initiation  phenomena.  A broader  analysis  of  the  individual  re- 
sults leads  to  the  genera'  conclusion  that  field  initiation  is  strongly  affected  by  the 
nature  of  the  electrical  contact  made  to  the  explosives.  This  enables  one  to  under- 
stand and  relate  seemingly  inconsistent  experimental  results. 


INTRODUCTION 

A number  of  explosive  azides,  including  lead  azide, 
can  be  initiated  by  the  application  of  sufficient 
voltage  via  conducting  electrical  contacts.  This 
occurs  for  both  single  crystal  (14)  and  pressed  pellet 
(5,6)  samples.  The  effect  is  normally  referred  to  as 
electric  field  initiation  and  we  shall  adopt  that  termi- 
nology here.  The  related  problem  of  the  sensitivity 
of  azide  compounds  to  static  electric  charging  and 
electric  discharge  has  also  received  considerable  atten- 
tion (7).  These  phenomena  are  relevant  to  safety  in 
the  storage  and  handling  of  munitions  items  (lead 
azide  is  the  Army’s  prevalent  primary  explosive),  and 
to  novel  initiation  mechanisms  for  potential  fuzing 
applications  (1,2). 

A great  deal  of  work  has  been  done  to  characterize 
field  initiation  effects  in  explosives  (3,5,6)  and  to 


understand  them  on  the  basis  of  the  fundamental 
electronic,  decomposition  and  conductivity  properties 
(1,2)  of  the  materials.  But  it  has  been  difficult  to 
relate  experiments  using  single  crystals  (easiest  to  re- 
produce and  understand)  to  experiments  on  pressed 
pellets  and  powders.  Our  recent  results  and  analysis, 
reported  here,  indicate  that  contact  and  surface 
effects  are  central  to  understanding  the  electric  field 
initiation  of  explosives  and  to  relating  the  results  of 
experiments  performed  under  different  conditions 
and  on  different  sample  forms. 

a.  Concepts  and  Techniques 

Certain  basic  concepts  involving  the  electronic 
structure  of  solids  and  the  nature  of  the  interface  at 
sample-metal  contacts  are  briefly  reviewed  here,  as 
they  will  be  extensively  employed  in  the  analysis  and 
interpretation  of  electric  field  initiation  experiments. 
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The  electronic  energy  levels  of  a solid  are  arranged 
in  a fashion  sirnfar  to  their  arrangement  in  the  free 
atoms  or  molecules  which  comprise  the  solid  with 
several  critically  important  differences.  In  the  solid 
all  of  the  electronic  particles  interact,  perturbing  the 
atomic  or  molecular  electronic  states  so  that  they 
appear  as  energy  bands  rather  than  discrete  levels  of 
energy  (8).  The  bands  of  energy  are  separated  by 
energy  regions  for  which  no  electron  energy  states  are 
allowed;  such  forbidden  regions  are  called  energy  gaps 
or  band  gaps.  The  highest  energy  band  filled  with 
electrons  is  called  the  valence  band  and  the  next 
higher  band  (which  is  not  completely  filled)  is  called 
the  conduction  band.  Electrons  excited  to  the  latter 
band  may  move  under  the  influence  of  an  electric 
field,  giving  rise  to  electronic  conduction.  The  widths 
of  the  energy  bands,  the  band-gap  separation  between 
them,  and  other  features  of  the  bands  are  referred  to 
as  the  electronic  band  structure  or  the  electronic 
energy  level  structure.  The  (explosive)  azides  of  lead, 
thallium  and  silver  are  insulating  solids  with  large 
band  gaps  (approximately  4 eV)  (1).  Measurements 
of  conductivity  and  of  photoconductivity  usually 
require  the  application  of  electrical  contacts,  most 
often  formed  by  applying  metallic  electrodes  to  the 
sample.  However,  the  results  of  the  measurements 
may  be  strongly  influenced  by  the  nature  of  the 
junction  at  the  metal-insulator  interface.  The  con- 
tacts may  be  “ohmic”  (injecting),  in  which  case  a 
reservoir  of  carriers  is  provided  by  the  metal  to  freely 
enter  the  semiconductor  or  insulator  as  needed  (9). 

Or,  as  is  more  cornmonly  the  case  with  large  band-gap 
solids, the  contacts  maybe  “blocking” (non -injecting), 
resulting  in  extreme  nonlincaritics  in  the  electric  field 
within  the  metal-insulator  interface.  The  current 
through  a material  is  then  controlled  entirely  by  the 
conditions  at  the  metal -insulator  contact,  yielding 
little  information  about  the  bulk  electronic  properties 
of  the  material.  The  current  characteristics  resulting 
from  blocking  contacts  (also  called  Schottky -barrier 
contacts)  have  been  extensively  analyzed  for  semi- 
conductors with  band  gaps  up  to  l-2eV,  but  the 
properties  of  such  contacts  on  larger  band-gap  mate- 
rials are  not  as  clearly  defined. 

The  energy  level  diagram  for  a metal-semiconductor 
blocking  contact  is  shown  in  Fig.  1 . Near  the  inter- 
face, the  energy  bands  in  the  semiconductor  or 
insulator  bend  over  a distance  d,  the  thickness  of  the 
Schottky -barrier  region.  The  extent  of  the  band 
bending  (the  surface  potential  V,)  may  be  apprecia- 
ble, in  which  case  an  electric  field  applied  to  the 


Fig.  1.  Energy  band  diagram  for  a p-type  semicon- 
ductor-metal Schottky-barrier  conta~‘  with  thickness 
d,  barrier  height  <t>,  surface  potential  and  Fermi 
energy  Wf. 

material  may  be  distributed  primarily  over  the  barrier 
thickness  d rather  than  over  the  bulk  of  the  material. 

An  experiment  which  measures  the  threshold 
voltage  for  electric  field  initiation  of  an  explosive  is 
basically  straightforward.  A sample  is  placed  between 
two  electrical  contacts  and  a voltage  applied  in  some 
prescribed  manner  until  initiation  is  observed.  On  the 
other  hand  the  analysis  of  the  experiment  is  not  at  all 
straightforward;  the  effects  of  several  parameters 
(such  as  the  dielectric  and  conductivity  properties  of 
the  explosive,  the  nature  of  the  electrical  contact  and 
the  particular  sample-electrode  geometry)  must  be 
taken  into  account.  Only  by  considering  these 
parameters  can  the  electric  field  intensity,  in  the 
sample,  be  determined  as  a function  of  position.  As 
we  will  show,  it  is  a detailed  knowledge  of  the  field 
distribution  which  leads  to  an  understanding  of 
electric  field  initiation. 

b.  Background 

Our  previous  experiments  (1-3)  on  lead  azide 
[Pb(N3)2]  using  gold  contacts  and  a sandwich  geom- 
etry showed  the  following;  Single  crystals  initiate 
upon  the  application  of  a voltage  corresponding  to  an 
average  threshold  electric  field  (voltage/sample  thick- 
ness) of  3.5  X 10*  V/cm.  Gold  forms  a blocking 
(non-injecting)  contact  to  Pb(N3)2  under  the  condi- 
tions of  the  experiments.  The  voltage  drop  across  the 
sample  is  relatively  uniform  near  threshold  voltages, 
i.e.,  the  bulk  of  the  sample  experiences  an  electric 
field  near  the  average  field.  The  pressed  pellet 
threshold  average  field  approximates  the  single  crystal 
value.  Simultaneous  application  of  low-intensity 
band-gap  radiation  decreases  the  single  crystal  (but 


391 


not  the  pressed  pellet)  threshold  average  field  by  a 
factor  of  two;  this  was  explained  qualitatively  in 
terms  of  free  charge  motion  and  a consequent  field 
redistribution  resulting  in  a higher  electric  field  at  the 
metal-explosive  surface.  Finally,  the  conductivity  of 
I*b(N3 )2  is  very  low,  ~10"12  (ohm-cm)'1,  while 
photoconductivity  is  up  to  four  orders  of  magnitude 
higher. 

Russian  experiments  (6)  on  cupric  a/.idc 
|Cu(N3)2]  and  thallous  azide  [TIHN3]  pressed  pellets 
found  that  threshold  field  values  depend  on  the  elec- 
tronic work  function  of  the  metal  contacts.  This  was 
interpreted  to  be  evidence  for  the  injection  of  charge. 
Experiments  by  Leopold  (5)  on  l*b(N3)2  pressed 
pellets  showed  that  no  initiation  occurs,  even  at  much 
higher  fields,  if  either  or  both  of  the  electrodes  arc 
separated  from  the  sample  by  thin  mylar  sheets. 

In  the  analysis  of  experiments  the  dielectric  con- 
stant of  lead  azide  was  generally  taken  to  be  ~5, 
based  on  pressed  pellet  data  (10). 


RECENT  RESULTS 

a.  Theoretical 

Our  theoretical  aims  were  twofold:  to  understand 
and  model  the  Russian  field  initiation  experiments, 
and  to  form  a quantitative  basis  for  understanding 
internal  field  distributions  in  azide  explosives.  The 
average  threshold  field  value  (voltage/sample  thick- 
ness) simply  does  not  provide  sufficient  information 
for  comparative  purposes. 

The  experiments,  performed  by  Zakharov  and 
Sukhushin  (6),  revealed  that  Jj?  threshold  initiation 
field  for  pressed  pellets  of  Cu(N3>2  and  TCN3  de- 
pends on  the  electrode  material:  its  value  increases 
with  increasing  work  function  of  the  anode  metal  in 
the  case  of  Cu(N3)2,  and  decreases  with  increasing 
work  function  of  the  cathode  metal  in  the  case  of 
TCN3.  The  effect  was  associated  with  “injection”  of 
electronic  carriers,  but  it  is  difficult  to  understand 
how  variations  ir  the  contacts’  work  functions  could 
play  a significant  role  in  a model  based  on  current 
injection.  With  the  ohmic  contacts  that  injection 
specifically  requires,  current  limitation  is  a bulk  phe- 
nomenon, and  the  electrodes  play  no  role  other  than 
to  provide  current  carriers  as  the  volume  field  condi- 
tions demand  (9). 


We  have  proposed  a carrier  emission  model  in 
which  initiation  is  associated  with  a critical  interface 
field  at  the  Schottky -barrier  contact  between  the 
metal  electrode  and  the  azide  (11).  Electric  fields  at 
the  interface  are  shown  to  explicitly  depend  on 
properties  of  the  sample  and  on  the  work  function 
of  the  electrode,  and  are  larger  than  the  applied 
voltage  divided  by  sample  thickness.  The  model 
predicts  an  effect  for  uniform  samples  which  is 
qualitatively  consistent  with  experiment,  but  whose 
magnitude  would  be  too  small  to  observe.  However, 
the  experimental  samples  were  pressed  pellets  com- 
posed of  individual  grains  which  are  likely  to  be 
separated  by  potential  barriers  (12).  Taking  this  into 
account,  the  model  is  consistent  with  experiment  if 
initiation  occurs  at  a critical  interface  field  of  about 
2 X 105  V/cm.  This  is  a plausible  value,  in  that  fields 
in  excess  of  10s-106  V/cm  applied  to  surfaces  of 
wide  band-gap  semiconductors  commonly  result  in 
destructive  breakdown  due  to  carrier  emission  into 
the  bulk.  The  important  conclusion  is  that  initiation 
is  determined  by  details  of  the  electric  field  distribu- 
tion rather  than  by  the  average  field  (applied  voltage/ 
sample  thickness). 

Figure  2 depicts  the  one-dimensional  sample- 
electrode  configuration  used  in  experiments  where 
the  electrodes  are  not  in  contact  with  the  azide 
sample.  The  sample  is  a slab  with  parallel  sides  and 
thickness  d,  located  symmetrically  a distance  C/2 
away  from  two  parallel  capacitivcly  coupled  elec- 
trodes (electrode  spacing  is  L).  The  static  dielectric 


Fig.  2.  Sample  of  thickness  d and  di- 
electric constant  e between  two  elec- 
trodes, and  spacing  material  of  dielectric 
constant  e . 
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constant  of  the  sample  is  e,  and  that  of  the  spacing 
material  e'  («o  in  free  space).  In  order  to  understand 
such  experiments,  complete  field  distributions  were 
determined  theoretically  for  three  assumptions  as  to 
the  nature  of  the  specimen:  perfect  insulator,  intrin- 
sic semiconductor  and  extrinsic  semiconductor 
(uniform  photo-excitation  can  be  included  in  the  last 
two  cases)  (13). 

In  the  perfect  insulator  case,  the  field  is  uniform 
throughout  the  sample  and  so  is  equal  to  the  surface 
field  E„  which  is  simply 


where  Kt  = e/e',  the  dielectric  constant  of  the  sample 
relative  to  that  of  the  spacing  medium.  The  expres- 
sion is  used  below  to  determine  values  of  E,  attained 
in  our  experiments.  Note  that  for  given  values  of  8 
and  d,  increasing  Kr  leads  to  a decreasing  E„. 

Our  results  for  the  intrinsic  and  extrinsic  semicon- 
ductor cases  have  been  summarized  elsewhere  (14). 

The  important  qualitative  features  arc  that  the 
presence  of  a uniform  mobile  charge  distribution  of 
both  carrier  types  (the  definition  of  the  intrinsic 
semiconductor  case)  can  only  lower  the  value  of  E4 
from  the  perfect  insulator  case  (for  constant  V); 
whereas  E,-values  arc  larger  for  the  extrinsic  semi- 
conductor case,  where  it  is  assumed  that  only  one 
carrier  type  is  mobile.  The  increase  can  be  dramatic 
for  sufficiently  large  charge  density. 

b.  Experimental 

All  experiments  were  performed  in  the  sandwich 
geometry  of  Fig.  2.  Prior  results  with  direct  explosive- 
metal  contact  were  summarized  above,  and  only  the 
non-contacted  experiments  (8  =£  0 in  Fig.  2)  are  dis- 
cussed here.  The  importance  of  using  single  crystal 
as  well  as  pressed  pellet  samples  is  evident  from  the 
fact  that  the  Schottky-barrier  model  presented  earlier 
explicitly  requires  the  presence  of  intergrain  barriers 
(for  semiquantitative  agreement  with  the  Russian  ex- 
periments). In  the  analysis  of  experiments  with 
single  crystals,  only  the  barriers  at  the  azide  metal 
contacts  are  considered. 

Samples  were  mounted  between  mylar  insulators 
in  a vacuum  chamber  at  2 X 10"s  torr.  (The  high 
voltage  experiments  reported  by  Leopold  (5)  were 


performed  with  the  samples  immersed  in  oil.)  Care 
was  taken  to  avoid  discharges  from  the  high  voltage 
points  of  the  sample  holder  to  ground.  The  voltage 
was  increased  in  steps  of  500  volts  to  a maximum  of 
5 kV,  and  was  held  constant  for  30  sec  at  each  step. 

The  expression  appropriate  to  calculating  the 
average  electric  field  in  the  sample  E is  Eq.  (1),  which 
is  also  the  expression  for  the  surface  field  if  the  field 
is  uniform  throughout  the  sample.  Lead  azide’s 
dielectric  constant  (e/eo)  was  taken  to  be  5 for  the 
values  quoted  in  this  Section. 

No  initiation  occurred  in  the  pressed  pellet  sam- 
ples (~3.5  gm/cm3  density,  1-3  X 10"2  cm  thick), 
using  the  insulated  electrodes,  up  to  the  highest  E- 
values  applied,  1 .4  X 10s  V/cm.  This  corresponds  to 
the  upper  limit  (5  kV)  of  the  power  supply  for  the 
sample  dimensions  used.  It  is  a factor  of  four  greater 
than  the  E-values  that  lead  to  initiation  in  contacted 
samples p-3),  and  a factor  of  two  greater  than  the 
highest  E-value  reported  by  Leopold  (5).  The  same 
result  (no  initiation)  held  for  single  crystal  samples 
(grov/n  by  the  method  of  Garrett  (1 5),  and  cut  and 
polished  to  provide  parallel  fiat  surfaces),  with  the 
highest  E-value  attained  being  1 .02  X 10s  V/cm. 

The  highest  E-values  were  maintained  on  the  sample 
for  about  a half-hour.  Some  samples  were  subjected 
to  combinations  of  400.0  nm  irradiation  (strongly 
absorbed  by  Pb(N3)2)  and  a strong  field,  for  both 
polarities,  again  with  no  initiation. 

The  results  lead  us  to  conclude  that  electrode 
interface  effects  dominate  the  field  initiation  of 
Pb(N3)2  single  crystals  and  pressed  pellets,  with  or 
without  simultaneous  low-level,  strongly  absorbed 
radiation,  when  the  samples  are  directly  contacted 
with  the  electrodes.  Samples  not  directly  contacted 
can  sustain  rather  higher  fields  without  initiation.  It 
will  be  clear  from  the  discussion  below  that  only  rela- 
tive values  of  E are  reliable  from  these  experiments; 
they  were  performed  without  determining  crystal- 
lographic orientation,  and  the  dielectric  constant  has 
since  been  found  to  be  strongly  anisotropic. 


DISCUSSION 

The  important  general  conclusion  is  that  contact 
effects  dominate  the  electric  field  initiation  properties 
of  explosive  azides,  and  that  this  can  explain  apparent 
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discrepancies  when  comparing  experiments  per- 
formed under  dissimilar  conditions.  The  detailed 
mechanisms  involved  are  not  fully  understood,  but 
the  nature  of  the  crucial  experiments  and  calculations 
are  now  clear. 

The  Russian  field  initiation  experiments  (6)  pro- 
vided an  important  clue  to  the  role  of  interface 
contacts.  Our  theoretical  model  shows  that  the  ' 
experiments  using  non-ohmic  metal  contacts  can  be 
explained  if  initiation  is  the  result  of  a critical 
threshold  field  Et(crit)  at  the  metal-explosive  inter- 
face. A different  value  of  E,(crit)  would  then  be 
associated  with  each  explosive  azide,  and  be  inde- 
pendent of  the  nature  of  the  non-ohmic  metal  con- 
tact (so  long  as  a contact  is  available);  its  magnitude 
is  of  the  order  of  105  V/cm  in  Cu(N3)2  and  T8N3. 
Recall  that  our  model  cannot  explain  these  experi- 
mental results  without  explicitly  taking  the  pressed 
pellet  nature  of  the  samples  into  account.  The  field 
initiation  experiments  on  contacted  Pb(N3)2  samples 
appear  also  to  require  a critical  interface  field  (3). 

These  conclusions  point  to  an  initiation  model 
involving  carrier  emission  from  a barrier  contact. 

Two  alternative  mechanisms  are  suggested  for  this 
emission  model  based  on  field  breakdown  mecha- 
nisms in  the  literature.  Both  rely  on  high  local 
internal  fields  to  generate  hot  electrons,  which  can 
then  cause  impact  ionization.  The  first,  due  to 
O’Dwyer  (16),  assumes  that  the  impact  ionization 
leads  to  avalanche  multiplication  with  eventual  break- 
down at  the  exit  electrode,  where  most  of  the  energy 
of  impact-generated  carriers  is  dissipated.  The  second 
mechanism,  due  to  DiStefano  and  Shatzkes  (17), 
suggests  that  impact  ionization  generates  a space 
charge  in  the  volume  of  the  sample  which  concen- 
trates the  internal  field  at  the  emitting  electrode;  this 
in  turn  produces  an  increase  in  the  emission  current, 
with  eventual  catastrophic  power  dissipation  at  the 
entrance  electrode.  The  choice  between  the  two 
mechanisms  (for  a given  explosive  azide)  can  thus  be 
made  on  the  basis  of  experiments  that  determine 
whether  initiation  occurs  near  the  entrance  or  exit 
electrode. 

The  experiments  of  Leopold  (5),  and  their  exten- 
sions reported  here,  showed  that  no  initiation  occurs 
without  direct  metallic  contact  up  to  the  limits  of  the 
experimental  apparatus.  This  is  consistent  with  the 
emission  model  just  presented.  Values  for  the  inter- 
face fields  Ej  attained  can  be  calculated  from  Eq.  (1) 


by  using  the  appropriate  dielectric  constant  nr  Lead 
azide’s  dielectric  constant  has  recently  been  found  to 
be  large  and  highly  anisotropic  (18).  Thus  single 
ciystal  experiments  on  oriented  samples  must  be 
performed  to  establish  reliable  values  of  the  highest 
E(  attained  in  the  samples;  and  other  experiments 
testing  at  what  value  of  E,  initiation  occurs,  without 
direct  contact,  would  be  valuable. 

Our  previous  model  for  the  photo-electronic 
initiation  effect  (decrease  in  average  threshold  field 
for  initiation  when  strongly  absorbed  light  is  applied 
simultaneously)  involved  a redistribution  of  the  elec- 
tric field  as  a consequence  of  the  illumination  (2). 

The  analysis  of  the  field  initiation  experiments  pro- 
vides a more  quantitative  basis  for  this  model.  We 
assume  that  Pb(N3)2  is  highly  insulating  (a  perfect 
dielectric),  and  acts  as  an  extrinsic  semiconductor 
upon  irradiation.  This  determines  the  increase  in  E, 
that  results  from  a uniformly  absorbed  radiation 
pulse,  in  the  absence  of  contacts.  The  analysis  must 
be  expanded  to  include  non-uniformly  absorbed 
irradiation  (which  is  straightforward),  and  also  the 
direct  (8  = 0)  metallic  contact  situation  (as  in  the 
Schottky -barrier  analysis). 

Finally,  recent  surface  studies  of  explosive  azides 
(19)  have  found  contamination,  and  the  absence  of 
stoichiometry,  in  the  topmost  several  layers  of  even 
laboratory-quality  samples.  This  may  explain  why 
attempts  to  find  injecting  contacts  have  not  been 
successful,  and  also  how  to  overcome  this  problem. 

It  also  suggests  closer  scrutiny  of  the  relation  between 
prior  treatment  of  azide  surfaces  and  the  sensitivity 
of  explosive  azide  powders. 

CONCLUSIONS 

An  integrated  experimental  and  theoretical  pro- 
gram to  understand  the  field  initiation  properties  of 
explosive  azides  has  resulted  in  an  important  broad 
conclusion.  Contact  and  surface  effects  dominate  the 
electric  field  initiation  properties  of  these  materials. 
This  realization  has  been  successfully  used  to  relate 
the  results  of  experiments  performed  under  different 
sample  forms. 

The  results  and  understanding  are  directly  relevant 
to  a number  of  novel  fuzing  device  applications  (e.g., 
fuzes  that  require  more  than  one  stimulus  to  fire), 
and  to  safety  against  electrical  and  electrostatic 
hazards  in  the  storage  and  handling  of  munitions. 
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ADIABATIC  ELASTIC  MODULI  OF  SINGLE  CRYSTAL 
PENTAERYTHRITOL  TETRANITRATE  (PETN) 


C.  E.  Morris 

Los  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico  87S45 


The  six  elastic  moduli  which  are  required  to  characterize  the  tetragonal  crystal 
structure  of  PETN  were  determined  from  ultrasonic  wave  velocity  measurements  at 
ambient  conditions.  A sufficient  number  of  velocity  measurements  were  made  to 
provide  cross-checks,  and  a detailed  error  analysis  was  done  to  estimate  the  probable 
error  in  the  calculated  moduli.  The  magnitudes  of  the  elastic  stiffness  moduli  in 
units  of  GPa  (1  GPa  = 10  kbar)  along  with  the  probable  errors  are  given  below. 

c, , = 17.18  ±0.6%  c66  = 3.93  ± 0.5% 

c33  - 12.14  ±0.5%  Cj2  * 5.43  ± 1.8% 

c44  » 5.03  t 0.5%  cl3  - 7.48  ± 11.5% 


INTRODUCTION 

Tiie  Los  Alamos  Scientific  Laboratory  now  has  the 
capability  of  growing  large  (10-20  mm)  single  crystals 
of  some  high  explosives.  This  has  enabled  the  meas- 
urement of  some  physical  properties  of  explosives 
which  until  now  have  been  impossible  to  determine. 

In  particular,  the  fundamental  elastic  moduli  can  be 
measured.  These  moduli  are  important  for  the  theore^ 
tical  study  of  explosives.  PETN  is  a commonly  used 
secondary  explosive.  As  such,  its  physical  properties 
are  of  interest.  From  the  ultrasonic  viewpoint,  it  is 
an  ideal  high  explosive  to  study  since  the  single 
crystals  are  relatively  easy  to  grow  and  have  one  of 
the  simplest  crystal  structures  (tetragonal,  42m  sym- 
metry). 


SAMPLE  DESCRIPTION 

The  large  single  crystals  used  were  grown  slowly 
from  a PETN-ethyl  acetate  solution.  Typical  linear 
dimensions  of  the  crystals  were  2S  mm  on  edge.  Due 


to  the  low  density  of  PETN,  the  Lauc  back  reflection 
method  could  not  be  used  to  align  the  crystals.  A 
two-circle  goniometer  that  utilized  a laser  beam  re- 
flected from  a natural  crystal  face  (101  or  110 
direction)  was  used  to  align  the  crystals  for  cutting 
on  a small  circular  saw.  To  insure  proper  alignment, 
the  orientation  was  checked  before  and  after  cutting. 
All  the  samples  were  aligned  to  within  0.5°.  Final 
surface  preparation  was  done  by  hand-lapping  on  40 
pw  sandpaper.  Typical  dimensions  of  the  finished 
samples  were  3 to  5 mm  thick  with  lateral  dimensions 
of  about  25  mm.  The  sample  faces  were  parallel  to 
within  0.01°,  Howard  H.  Cady  of  Group  WX-2,  Los 
Alamos  Scientific  Laboratory,  grew  the  single 
crystals  and  fabricated  the  samples. 

The  PETN  crystals  had  two  unusual  characteristics 
worth  mentioning.  On  some  of  the  natural  faces,  a 
conical  growth  center  existed  which  had  a depression 
at  its  center.  The  vertex  angles  of  the  cones  varied 
from  face  to  face  and  especially  from  crystal  to 
crystal.  Cone  vertex  angles  ranged  from  179.8°  to 
178.5°.  Every  large  crystal  examined  had  at  least 
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two  conical  growth  faces.  These  conical  growth 
centers  were  accidently  discovered  when  it  was  ob- 
served that  the  spot  projected  on  a natural  face  by  a 
laser  was  reflected  back  on  the  wall  as  a cylindrical 
arc  or  circle.  The  other  unusual  characteristic  of 
these  crystals  was  their  sensitivity  to  thermal  shock. 

A freshly  grown  crystal  when  picked  up  in  your  hand 
would  sometimes  shatter.  This  thermal  sensitivity 
diminished  with  age. 

EXPERIMENTAL  METHOD 
Wave  Propagation  in  Single  Crystals 

PETN  has  a tetragonal  crystal  structure  with  42in 
symmetry.  Six  clastic  stiffness  moduli  C|  [ , C33, 

C44,  c66,  c)2,  and  c)3  arc  needed  to  specify  its  elastic 
properties  ( 1 ).  The  equations  relating  p V2  to  the 
clastic  moduli  are  given  by  the  Christoffel  relations 
(2).  From  these  relations,  it  can  be  shown  that  for  a 
given  propagation  direction  in  any  single  crystal,  three 
plane-wave  modes  exist,  each  traveling  with  a character 
teristic  velocity  and  particle  displacement  direction. 
Each  wave  velocity  is  a function  of  one  or  more 
elastic  stiffness  moduli  and  the  density.  Because  of 
the  Hermitian  property  of  the  Christoffel  matrix,  each 
particle  displacement  direction  of  the  three  modes  is 
mutually  orthogonal.  Depending  on  the  symmetry 
of  the  crystal  in  the  direction  of  propagation,  the 
particle  displacement  may  or  may  not  be  precisely 
parallel  or  perpendicular  to  the  propagation  direction. 
For  example,  for  the  PFTN  crystals  A,  B,  and  C in 
Table  1 , L and  S denote  respectively  pure  longitu- 
dinal and  shear  modes  for  which  the  particle  displace- 
ment directions  are  exactly  parallel  and  perpendicular 
to  the  propagation  direction.  For  crystal  D,  QL,  and 
QS  denote  respectively  quasi-longitudinal  and  quasi- 
shear  modes.  For  these  modes,  the  particle  displace- 
ments are  not  exactly  parallel  and  perpendicular  to 
the  propagation  direction,  the  misalignment  being 
5.7°. 

The  orientations  of  the  crystal  faces  were  selected 
to  provide  the  most  direct  relations  between  the 
measured  wave  velocities  and  the  six  elastic  moduli. 
Crystals  A and  B are  oriented  for  wave  propagation 
along  the  principal  crystallographic  directions,  to  ob- 
tain the  four  diagonal  moduli,  c}  j , C33,  C44,  and  c66. 
The  remaining  two  orientations  were  chosen  to  derive 
the  two  cross-coupling  moduli  c12  and  c12.  These 
cross-coupling  moduli  can  be  derived  from  velocities 
propagated  in  any  direction  which  is  perpendicular 


to  one  principal  axis  and  inclined  to  one  of  the  other 
two  principal  axes  at  some  angle  0.  The  angle  0 is 
normally  chosen  close  to  45°  to  minimize  the  devia- 
tion of  the  particle  displacement  direction  from  the 
propagation  direction  for  quasi-longitudinal  modes 
(3).  This  reduces  the  possibility  that  the  quasi- 
longitudinal and  quasi-shear  waves  will  interfere  with 
each  other  when  their  respective  velocities  are  being 
measured.  This  orientation  also  yields  the  most 
direct  relations  for  the  cross-coupling  moduli. 

Experimental  Geometry 

A schematic  diagram  of  the  experimental  geom- 
etry is  shown  in  Fig.  1 . This  geometry  was  chosen 
because  it  facilitated  sample  assembly,  isolated  the 
high  voltage  impressed  on  the  quartz  crystals  from  the 
explosive,  and  aided  in  making  accurate  velocity  meas- 
urements. Quartz  crystals  were  used  to  generate  and 
detect  ultrasonic  waves  which  travelled  through  the 
fused  quartz  buffer  rod  and  resonated  in  the  sample. 
20  MHz,  X-cut,  quartz  crystals  were  used  to  excite 
the  longitudinal  modes  and  10  Mhz,  Y-cut,  quartz 
crystals,  oriented  with  their  vibration  direction  parallel 
to  a shear  normal  mode  direction,  were  L'sed  to  excite 
separately  each  shear  mode. 

The  buffer  rod  was  approximately  65  mm  long, 

25  mm  in  diameter  and  had  a working  area  at  the 
sample  end  of  250  mm2.  To  suppress  spurious  trail- 
ing pulses  generated  at  the  rod’s  surface,  its  periphery 
was  threaded  (1  thread/mm,  1 mm  deep).  A light 
lubricating  oil  was  used  as  a seal  material  to  couple 
longitudinal  waves  into  the  buffer  rod  and  sample 
while  a viscous  resin,  poly-a-methylstyrene,  was  used 
for  shear  waves.  Normally,  to  get  a thin  viscous  resin 
seal,  the  buffer  rod  and  sample  are  heated  to  about 
60°C  and  then  the  sample  is  “wrung”  onto  the  rod. 
Since  the  explosive  sample  could  not  be  heated,  a 
moderately  thin  seal  was  obtained  by  first  heating  the 
rod  without  the  explosive  and  then  spreading  as  thin 


Fig.  1.  Schematic  Diagram  of  Experimental  Geometry. 
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a film  as  possible  with  a flat  plate.  The  rod  was 
allowed  to  cool  before  the  explosive  was  put  into  posi- 
tion. A spring  loaded  plunger  held  the  explosive  on 
the  rod  and  further  aided  in  extruding  the  resin. 


Phase  Comparison  Technique 


1 shows,  in  schematic  form,  the  build-up  process  due 
to  the  reflections.  At  discrete  RF  frequencies,  fn,  the 
sample-waves  Ex  j , Ex2  . etc.  are  in  phase  with  each 
other,  but  precisely  out  of  phase  with  the  strong 
interface  reflection  Eb.  The  velocity  of  propagation 
is  given  by 


The  phase  comparison  technique  of  McSkimin 
(4)  was  used  for  transit  time  measurements.  These 
measurements  are  made  by  sending  a finite  length 
ultrasonic  wave-train  through  the  buffer  rod  to 
resonate  in  the  sample  (Fig.  1 ).  This  wave  train  has 
an  accurately  measured,  but  variable,  RF  carrier 
frequency.  The  wave-train  length  is  purposely  made 
longer  than  the  sample  transit  time  so  that  the  echoes 
will  phase-interfere  with  each  other  but  less  than  the 
round-trip  transit  time  in  the  buffer  rod  to  isolate 
the  sample  resonance  from  the  buffer  rod  resonance. 
At  each  impedance  discontinuity  the  ultrasonic  wave 
splits  up  into  a reflected  and  transmitted  wave.  Figure 


V = 2dfn/(n  + an/360) 


where  d is  the  explosive  thickness,  n is  an  integer  and 
a„  is  the  phase  shift  in  degress  associated  with  the 
reflection  of  the  wave  from  the  sample-seal  interface. 
The  integer  n can  be  determined  without  ambiguity 
by  the  equation 


" = fn/10n-fn-m)/ml  “ 1/2 


where  m is  determined  by  counting  the  number  of 
times  the  “in-phase”  condition  occurs  as  the  frequency 
is  varied  from  fn_m  to  fn.  Typically  n was  about  40  for 


TABLE  1 


Summary  of  Wave  Velocity  - Elastic  Stiffness  Modulus  Relations 


Velocity 


1 umber 


Direction 
Type  of 
Mode  Particle 
Motion 


3.1140 


1.6841 


1.4893 


2.6167 


1.6822 


1.6822 


(cn  + c j 2 )/2  + c66 
(CH  - c j 2 )/2 


2.9308 


1.8197 


1.6866 


{(cu +c33 + 2C44)  + [4(c13+C44)2  + (cn -c33)2]1/2}/4  2.9636 
{(cn  +c33+2C44)  - Wcn+c*)2  + (cn  -C33)2]  1/2}/4  1.3588 
(c44  +cw)/2  1.6306 


'approximate  direction 


p-  1.773  kg/nr 


for  the  PETN  samples.  Equation  (2)  differs  from  the 
one  given  by  McSkimin  (4)  because  the  acoustical 
impedance  (Z  = pV)  of  explosives  is  less  than  fused 
silica.  Consequently,  the  phase  shift  for  zero  seal 
thickness  is  180°  rather  than  0°  (see  Fig.  2). 

A good  first  order  approximation  for  the  velocity 
is  to  assume  a„  = 180°  (zero  seal  thickness  approxi- 
mation). This  gives  a velocity  accurate  to  about  0.4%. 
A much  better  procedure  is  to  experimentally  meas- 
ure the  relative  amplitudes  of  Eb,  Ex . , Ej2,  etc.  at 
resonance.  One  is  then  able  to  determine  an  precisely. 
The  phase  shift  an  is  given  by  (4) 

a„  = an(Z,,Z2,Z3,0)  (3) 

* 

where  Zj , Z2,  and  Z3  are  respectively  the  acoustical 
impedances  of  the  explosive  sample,  fused  quartz 
buffer  rod,  and  the  seal  material,  and  0 is  the  seal 
thickness  expressed  in  degrees  [0  * 360  (1/X)  * 360 
(lfn/V)l  • Typical  seal  thicknesses  range  from  5°  to 
15  . The  function  an  (0)  is  shown  in  Fig.  2 for  the 
case  of  a longitudinal  wave  traveling  in  the  (100) 
direction  in  PETN.  The  relative  amplitudes  of  the 
waves  at  resonance  can  also  be  expressed  in  terms  of 
the  above  variables  plus  the  attenuation  coefficient  a. 

Ex i /Eb  * - A(Z| , Z2,  Z3, 0)  exp  (-  2ad)  *=  - X 

(4) 

Et2/Et,  - Etj/Etj  - B(Z| , Z2,  Z3, 0)x 

exp(-  2 ad)  = Y (5) 

The  functions  an  (Zj , Z2,  Z3, 0),  A (Zj . Z2,  Z3, 0) 
and  B (Z  j , Z2 , Z3 , 0 ) are  given  in  Ref.  (4).  Since  A 
and  B are  positive  valued  functions,  it  is  evident  from 
Eqs.  (4)  and  (5)  that  frequencies  which  place  the 
specimen  waves  Exj  • Ex2,  etc.  in  phase  also  place 
ET  | and  Eb  out  of  phase.  McSkimin’s  (4)  recipe  to 
determine  0 is  to  measure  Ex  | / Eb  in  this  experiment 
and  measure  a in  a different  experimental  geometry. 
The  seal  thickness  can  then  be  calculated  from  Eq. 
(4).  To  minimize  the  handling  of  explosives,  an 
alternate  approach  was  used.  Eqs.  (4)  and  (5)  can  be 
combined  to  given  an  expression  independent  of  a. 

X/Y  - A(Zj,  Z2,  Z3, 0)/B(Z1,  Z2,  Z3, 0)  (6) 

The  function  X/Y  is  shown  in  Fig.  3 for  the  case  of  a 
longitudinal  wave  traveling  in  the  (100)  direction  in 


PETN.  Experimentally,  an  is  determined  by  meas- 
uring the  amplitudes  of  Eb , Ex  j , Ex2 , etc.  from  which 
a value  of  X/Y  can  be  calculated.  The  value  of  0 can 
then  be  obtained  from  Eq.  6 which  in  turn  can  be 
used  in  Eq.  3 to  calculate  an. 


a.  (on) 


Fig,  2.  Variation  of  Phase  Shift  as  a function  of 
Seal  Thickness. 


Fig,  3.  Variation  of  X/Y  as  a Function  of  Seal 
Thickness. 
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EXPERIMENTAL  RESULTS 


Calculation  of  Moduli 

The  measured  velocities  given  in  Table  1 for  the 
various  modes  of  propagation  are  the  average  of 
three  independent  sets  of  velocity  data.  The  density 
of  PETN,  inferred  from  x-rav  lattice  parameter  meas- 
urements (5),  is  1 .773  kg/m'.  Using  this  density 
along  with  the  measured  plane-w'ave  velocities,  the 
elastic  moduli  can  be  evaluated  by  inverting  the 
equations  in  Table  1 . In  general,  there  arc  at  least 
two  independent  ways  to  calculate  each  modulus. 
The  calculated  moduli  are  listed  in  Table  2.  Where 
the  evaluation  of  a modulus  was  dependent  on  pV2 
and  other  moduli,  the  weighted  mean  values  of  the 
required  moduli  were  used.  In  the  calculations  of 
Cj3,  a square  root  needs  to  be  taken  which  involves 
the  appropriate  choice  of  algebraic  sign.  The  plus 
sign  results  in  a positive  value  of  c j 3 whereas  the 


negative  sign  gives  a negative  value.  It  can  be  shown 
from  crystal  stability  arguments  (6)  that  the  plus 
sign  is  the  correct  choice. 

Error  Analysis 

It  is  informative  in  analyzing  the  elastic  moduli 
data,  to  calculate  the  probable  error  in  each  calcu- 
lated modulus.  This  gives  a method  of  weighting  the 
various  calculated  moduli  and  also  provides  informa- 
tion relative  to  the  se’' consistency  of  the  measured 
velocities.  Since  it’s  impractical  to  make  enough 
velocity  measurements  to  be  statistically  significant, 
it  seems  more  reasonable  to  estimate  the  possible 
errors  in  each  factor  involved  in  a velocity  measure- 
ment, sum  up  the  errors  and  arrive  at  an  estimated 
probable  error.  Using  these  probable  velocity  errors, 
the  probable  error  in  the  elastic  moduli  can  be  calcu- 
lated using  the  standard  equations  (7)  for  the  propaga 
tion  of  independent,  random  errors. 


TABLE  2 


Summary  of  Calculated  Elastic  Moduli 


Modulus 

Velocity 

Equation 

cll 

1 

C11 

7+8 

c33 

4 

c33 

10  + 11 

c44 

2 

c44 

5 

c44 

9 

c66 

3 

c66 

12 

c12 

7 

c12 

8 

c12 

7-8 

c13 

10 

C13 

11 

c13 

10  - 11 

Calculated 

Modulus 


(GPa) 


1 1.101 

12.140 

10.454 

5.029 

5.017 

5.044 

3.933 

4.398 

5.416 

5.435 


6.145 

7.868 

7.008 


Probable 
Error  % 


0.72 

0.56 

0.53 

1.75 

0.56 

0.52 

0.54 

0.54 

1.41 

3.83 
2.14 
1.79 

2.83 
0.97 
1.37 


Weighted 

Modulus 

(GPa) 

17.177 

12,002 

5.030 

3.993 

5.428 

7.477 


Experimental 
Error  % 


0.09 

0.06 

1.15 

11.44 

0.02 

0.26 

0.28 

1.49 

10.16 

0.22 

0.13 

0.06 

17,81 

5.23 

6.27 


Recommended 

Modulus 

(GPa) 


17.18 

(0.6%) 

12.14 

(0.5%) 

5.03 

(0.5%) 


3.93 

(0.5%) 

5.43 

(1.8%) 


7.48 

(11.5%) 


The  probable  error  in  each  velocity  measurement, 
which  takes  into  account  the  error  in  the  resonant 
frequency  measurement,  thickness  measurement  and 
seal  thickness  determination  is 


The  estimated  percent  error  for  sample  thickness, 
resonant  frequency,  and  phase  shift  arc  respectively 
0.20%,  0.10%,  and  0.14%.  This  results  in  a velocity 
error  of  0.26%.  In  three  cases  where  the  measured 
transit  times  had  a slightly  larger  variation  than  given 
by  the  last  two  terms  in  Eq.  (7),  the  larger  values  for 
these  quantities  were  used.  Using  the  above  probable 
velocity  errors,  the  estimated  errors  in  the  calculated 
moduli  arc  given  by 


The  first  two  terms  in  Eq.  (8)  can  be  straightforwardly 
calculated.  The  last  term  is  the  orientation  error  due 
to  the  misalignment  A <t>  of  the  crystal  face.  Por  all 
crystal  cuts  used,  A 4>  was  equal  to  0.5°.  Direct  calcu- 
lation of  the  last  term  is  extremely  arduous.  However, 
it  can  be  evaluated  rather  easily  by  realizing  that  the 
effect  of  misorientation  is  to  perturb  the  velocity. 

The  amount  of  perturbation  can  be  calculated  by 
solving  for  the  eigenvalues  of  the  Christoffel  matrix 
for  which  the  propagation  direction  is  inclined  at  an 
angle  A^>  with  respect  to  the  intended  direction. 

Since  the  magnitude  of  the  perturbation  is  dependent 
on  the  direction  of  misalignment,  the  maximum  per- 
turbation value  was  chosen  for  evaluation  of  Eq.  8.  In 
cases  where  more  than  one  pV  term  is  involved  in 
the  calculation  of  a modulus  an  additional  velocity 
and  orientation  term  should  be  added  to  Eq.  (8). 

The  probable  error  deduced  from  Eq.  f8)  for  each 
calculated  modulus  U given  in  Table  2.  The  weighted 
modulus  is  also  given  and  is  computed  by  weighting 
each  calculated  modulus  by  a factor  that  is  inversely 
proportional  to  the  square  of  the  probable  error.  This 


ideally  results  in  the  best  estimation  for  a given  modu- 
lus. The  experimental  error  listed  in  Table  2 is  the 
percent  deviation  of  each  independently  calculated 
modulus  from  the  weighted  modulus. 

It  is  evident  from  Table  2 that  in  some  cases,  there 
is  good  agreement  between  the  probable  error  and 
the  experimental  error,  while  in  other  cases,  the 
experimental  error  is  considerably  greater  than  the 
probable  error.  Closer  examination  of  the  data  re- 
veals that  the  velocity  d jia  for  crystals  A,  B,  and  C 
(velocities  1 through  9)  .\re  in  excellent  agreement, 
in  most  cases,  the  agreement  of  the  calculated  moduli 
is  considerably  better  than  the  predicted  probable 
error.  However,  the  moduli  calculated  from  the  velo- 
cities measured  on  crystal  D (velocities  10,  1 1 and  12) 
do  not  show  good  agreement  amongst  themselves 
in  the  calculation  of  ci3  or  with  crystals  A,  B,  and  C 
in  the  calculation  of  c33  and  Even  though  there 
were  three  independent  evaluations  of  each  propaga- 
tion velocitic  on  crystal  D,  the  measurements 
were  repeated  on  a different  crystal  because  of  this 
disagreement  with  the  probable  error  calculation.  The 
velocities  on  the  second  crystal  agreed  to  within  0.1  % 
of  the  measured  velocities  on  the  first  crvstal.  It  was 
implicitly  assumed  in  the  derivation  of  the  equations 
relating  pV^  to  the  elastic  moduli  that  the  PETN 
crystal  was  a perfect  single  crystal  in  which  all  unit 
cells  were  perfectly  aligned  relative  to  each  other.  A 
possible  reason  for  the  lack  of  agreement  might  be 
that  there  is  a crystal  defect  such  that  the  velocities 
are  slightly  perturbed  in  the  101  direction  so  that  the 
equations  in  Table  1 arc  not  perfectly  valid.  Alton 
and  Barlow  (8)  have  reported  measurements  on  cal- 
cium molybdate,  a single  crystal  with  tetragonal 
symmetry,  in  which  a similar  discrepancy  occurred  in 
the  cross-coupling  moduli.  The  cross-coupling 
moduli  had  a *>0%  error  that  could  not  be  accounted 
for  using  standard  error  theory  for  perfect  single 
crystals. 

Because  of  the  poor  agreement  between  the  pre- 
dicted probable  error  and  the  experimental  error,  the 
weighted  modulus  values  of  c33  and  c66  arc  unrealis- 
tic. A more  plausible  approach  would  be  to  assume 
the  directly  measured  values  of  these  moduli  are 
correct  to  within  the  predicted  probable  error  and 
ignore  the  values  of  these  moduli  calculated  from 
velocities  10, 1 1,  and  12.  These  directly  measured 
values  of  c33  and  c66  are  listed  under  recommended 
modulus  in  Table  2.  As  far  as  the  recommended 
modulus  values  for  cj  j,  c44,  and  c12  are  concerned, 
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the  weighted  values  arc  probably  the  best  since  the 
experimental  error  is  entirely  consistent  with  the 
predicted  probable  error.  The  listed  errors  for  these 
moduli  arc  chosen  to  be  the  lowest  values  of  their 
respective  probable  errors.  This  should  be  a conserva- 
tive estimate  since  the  experimental  agreement  is  much 
better.  Even  though  the  probable  error  car  -t 
account  for  the  range  of  Cj  3 values,  the  weigi  ed 
modulus  is  still  the  best  estimate  for  C|  3,  if  fo>  no 
other  reason  than  the  probable  error  is  a good  estima- 
tion of  the  sensitivity  of  each  calculated  modulus  to 
variation  of  the  other  moduli  and  the  propagation 
velocity.  As  such,  the  calculated  modulus  least 
affected  by  small  variations  in  the  other  moduli  and 
measured  velocity  would  also  be  the  least  affected  by 
crystal  imperfections.  The  percent  error  in  ci 3 was 
estimated  by  dividing  the  range  of  measured  c13 
values  by  2 c 1 3 * 

Calculation  of  Bulk  Modulus 

One  thermodynamic  variable  of  direct  interest  in 
shock  wave  studies  is  the  adiabatic  bulk  modulus.  The 
bulk  modulus  for  tetragonal  crystals  of  42m  sym- 
metry is  given  by 

jj  _ C33(°l  1 +CI2)  ~ 2c13  ^ 

°11  + c12  + 2<;33  " 4c13 

It  is  interesting  to  note  that  a knowledge  of  all  the 
elastic  constants  is  not  required  to  calculate  the  bulk 
modulus.  Evaluation  of  Eq.  (9)  in  terms  of  the  recom- 
mended moduli  listed  in  Table  2 yields  a value  of 
9.58  GPa  with  an  estimated  erroi  of  4.6%,  The 
majority  of  the  error  in  B,  is  due  to  the  error  in  c)3. 
The  bulk  modulus  was  also  measured  on  polycrystal- 
line PETN  samples  which  were  99%  of  theoretical 
density.  The  bulk  modulus  on  these  pressed  samples 
varied  between  9.24  to  9.45  GPa.  The  polycrystal- 
linc  data  is  consistent  with  the  single  crystal  data  since 
it  should  provide  a lower  bound  for  the  bulk  modulus. 


SUMMARY 

The  adiabatic  elastic  moduli  for  tetragonal  single 
crystal  PETN  were  measured  using  the  phase  compari- 
son technique  of  McSkimln  with  minor  variations. 
Measurements  on  four  different  crystal  orientations 
yielded  twelve  wave  velocities  from  which  the  six 
moduli  were  calculated.  The  self-consistency  cross- 


checks on  C|  j , c 1 2,  and  were  excellent  while  the 
cross-checks  on  c33,  c66,  and  c)3  were  not.  The  only 
modulus  with  appreciable  error  was  c13  which  was 
estimated  to  be  1 1 .5%.  The  single  crystal  bulk 
modulus  agrees  rather  well  with  the  bulk  modulus 
of  polycrystalline  specimens  indicating  the  value  of 
c13  is  probably  within  its  estimated  error. 
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The  process  of  detonation  propagation  of  homogeneous  explosives  along  surfaces 
may  be  described  using  resolved  reaction  - ones , Arrhenius  rate  laws  and  two  dimen- 
sional reactive  hydrodymanic  calculations.  The  wave  curvature  increases  with 
increasing  reaction  zone  thickness.  The  process  of  detonation  propagation  and 
failure  of  heterogeneous  explosives  along  surfaces  and  around  corners  may  be 
described  if  the  decomposition  that  occurs  from  hot  spots  formed  by  shock  inter- 
actions with  density  discontinuities  is  described  by  a burn  rate  determined  from  the 
experimentally  measured  distance  of  run  to  detonation  as  a function  of  shock 
pressure,  the  reactive  and  nonreactive  Hugoniot  and  the  assumption  that  the  reac- 
tion rate  derived  near  the  front  can  be  applied  throughout  the  flow. 


INTRODUCflON 

The  time-dependent  behavior  of  detonations  with 
resolved  reaction  zones  in  condensed  homogeneous 
explosives  has  been  described  (1,2),  using  an  Arrhe- 
nius rate  law.  The  failure  of  a nitromethane  detona- 
tion, resulting  from  a side  rarefaction  cooling  the 
explosive  inside  its  reaction  zone,  was  calculated  and 
the  experimentally  observed  rarefaction  velocity  was 
reproduced.  Wc  shall  extend  the  study  to  nitro- 
methane detonations  proceeding  perpendicular  to 
metal  surfaces  and  examine  wave  curvature  and 
failure  as  a function  of  reaction  zone  thickness. 

Experimental  observations  (?)  of  detonation  waves 
in  heterogeneous  explosives  proceeding  perpendicular 
to  metal  plates  showed  very  little  wave  curvature 
after  a large  plane-wave-initiated  cylindrical  explosive 
charge  had  run  several  charge  diameters.  An  empiri- 
cal model  with  an  unresolved  explosive  reaction  zone 
and  programmed  to  maintain  a constant  velocity, 
piane  detonation  front  reproduced  the  experimental 
observations.  Because  the  basic  mechanism  of  hetero- 
geneous shock  initiation  is  shock  interaction  at 


density  discontinuities  producing  local  hot  spots  that 
decompose  and  add  their  energy  to  the  flow,  models 
such  as  the  hcterogeneous-sharp-shock-partial-reuction 
burn  model,  have  been  developed  to  model  the  flow 
(4).  They  have  not  been  useful  for  solving  two 
dimensional  reactive  flows  because  they  did  not  re- 
spond to  local  state  variables  in  a realistic  manner. 

We  used  a new  model  called  Forest  Fire  (5)  to 
describe  the  hot  spot  reaction  rate  in  the  bulk  of  the 
heterogeneous  explosive  to  detonations  proceeding 
perpendicular  to  metal  plates,  to  detonations  turning 
corners  and  to  detonations  proceeding  along  free  sur- 
faces for  shock  sensitive  and  insensitive  explosives. 


HOMOGENEOUS  DETONATIONS 

Refeience  1 shows  that  the  reaction  zone  of  nitro- 
methane is  ~2$00  A long  and  that  it  is  probably 
p '.sating  about  the  steady -state  values  if  the  usual 
activation  energies  (E)  and  frequency  factors  (Z)  are 
appropriate,  it  is  impossible  to  make  calculations 
with  such  small  reaction  zones  being  resolved  for 
systems  the  size  usually  studied  experimentally.  We 
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can  study  the  effect  the  size  of  the  reaction  zone  has 
on  the  flow  by  increasing  the  frequency  factor  to 
scale  up  the  size  of  the  reaction  zone.  We  can  also 
eliminate  the  pulsating  nature  of  the  reaction  zone  by 
choosing  an  activation  energy  ihat  results  in  steady 
nonpulsating  flow.  As  shown  in  Ref.  1 , an  activation 
energy  of  30  kcal/mole  results  in  steady  flow,  and  by 
varying  the  frequency  factor,  we  can  have  various 
thickness  reaction  zones.  However,  because  such 
scaling  results  in  unrealistically  large  reaction  zones, 
care  is  required  in  extrapolating  the  calculated  results 
to  real  experiments. 

Experimental  measurements  of  the  detonation 
wave  arrival  of  nitromethane  across  the  surface  of  a 
charge  have  shown  that  there  is  remarkably  little 
wave  curvature  even  after  the  wave  has  run  many 
charge  diameters  in  a large  plane-wave-initiated  cylin- 
drical charge.  In  our  first  study  we  investigated  how 
a resolved  reaction  zone  in  nitromethane  proceeds 
perpendicular  to  a copper  surface.  Figure  1 shows 
that  the  larger  reaction  zone  resulted  in  an  increased 
wave  curvature.  The  calcula.  ,s  were  performed 
using  the  2DL  reactive  hydrouynamic  code  (6)  with  a 
mesh  of  0.01  cm  square.  The  equation-of-state  param- 
eters used  for  nitromethane  are  described  in  Ref.  7 
and  those  for  copper  aluminum  and  Plexiglas  are 
described  in  Ref.  8.  The  detonation  wave  was  started 
using  the  same  steady-state  piston  described  in  Ref.  6. 
The  absolute  value  of  pressure  is  plotted  and  the 
slight  discontinuity  at  the  nitromethane-copper  inter- 
face is  from  the  different  amounts  of  artificial 
viscosity  in  the  two  materials. 

Because  the  detonation  wave  curvature  decreases 
with  decreasing  reaction  zone  thickness,  it  is  not 
surprising  that  nitromethane,  with  its  very  thin  reac- 
tion zone,  shows  very  little  curvature.  The  reason  for 
this  result  appears  to  be  that  although  the  head  of  the 
rarefaction  goes  into  the  reaction  zone  at  the  same 
speed  regardless  of  the  reaction  zone  thickness,  the 
wave  curvature  depends  upon  how  much  the  confin- 
ing surface  or  wall  moves  out  during  passage  of  the 
reaction  zone.  Because  lower  density  walls  permit 
more  outward  motion  than  higher  density  walls,  the 
lower  density  walls  result  in  more  curved  fronts. 
Shortening  the  reaction  zone  keeps  the  wall  from 
moving  outward  as  much  during  transit  which  results 
in  less  shock  curvature.  The  two  critical  parameters 
are  the  rarefaction  speed  and  the  reaction  zone 
length. 


Figure  2 shows  that  the  increased  divergence  re- 
sulting from  cylindrical  geometry  permits  the  out- 
ward moving  surface  to  be  more  effective  in  increas- 
ing the  wave  curvature.  The  effect  of  changing  the 
density  of  the  confining  wall  is  siiown  in  Fig.  3, 
where  the  detonation  wave  proceeds  along  a copper 
and  then  an  aluminum  wall.  Compared  with  the 
copper  wall  in  Fig.  1 , the  curvature  increases  and  the 
reaction  zone  becomes  thicker  as  the  reaction  pro- 
ceeds along  the  aluminum  wall.  These  results  qualita- 
tively agree  with  the  experimental  observations. 

Campbell,  Malin  and  Holland  (9)  observed  that 
thin  foils  of  metal  were  as  effective  at  confining  the 
nitromethane  detonation  wave  as  were  thick  cylinders 
of  the  same  metal.  In  Fig.  4 the  thickness  of  the  con- 
fining copper  wall  is  decreased  but  the  shockfront 
and  reaction  zone  profile  is  the  same  as  in  Fig.  1 . 
Other  calculations  showed  that  the  reaction  zone 
must  be  thick  enough  for  the  rarefaction  from  the 
outer  copper  surface  to  arrive  back  at  the  nitro- 
methane-coppcr  interface  before  passage  of  the 
reaction  zone  for  the  reaction  zone  and  wave  curva- 
ture to  be  effected  by  the  thickness  of  the  confining 
metal. 

The  detonation  wave  curvature  increases  with 
increasing  reaction  zone  thickness.  A thin  metal 
cylinder  may  prevent  detonation  failure  if  the  reac- 
tion zone  is  thin  enough  for  the  rarefaction  from  the 
outside  metal  surface  to  arrive  in  the  detonation 
products  after  passage  of  the  reaction  zone.  The  ob- 
served failure  arid  reignitlon  of  nitromethane  detona- 
tion by  holes  in  confining  surfaces  can  be  reproduced 
qualitatively  by  the  Arrhenius  kinetic  model  as  shown 
in  Ref.  5. 


HETEROGENEOUS  DETONATIONS 

Heterogeneous  explosives  such  as  PBX-9404  or 
Composition  B show  a different  behavior  than  homo- 
geneous explosives  when  propagating  along  confining 
surfaces.  A heterogeneous  explosive  can  turn  sharp 
corners  and  propagate  outward.  A heterogeneous 
explosive,  depending  upon  its  sensitivity,  may  exhibit 
either  very  little  or  a lot  of  curvature  when  propa- 
gating along  a metal  surface.  The  mechanism  of 
initiation  for  heterogeneous  explosives  is  different 
than  the  Arrhenius  kinetic  model  found  adequate  for 
homogeneous  explosives.  Heterogeneous  explosives 
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Fig.  1.  A resolved  nitromethane  reaction  zone  of  various  thickness  proceeding  perpendicular  to  a copperplate. 
The  nitromethane  activation  energy  was  30  kcal/mole.  The  pressure  profiles  are  shown  at  20  kilobar  intervals  and 
the  mass  fraction  of  undecomposed  explosive  interval  Is  0.1.  Z * 1.0,  2.37  and  6.0  X IQ3. 


Fig.  2.  A resolved  nitrome thane  zone  proceeding  Fig.  3.  A resolved  nitromethane  zone  proceeding 

perpendicular  to  a copper  cylinder.  Z = 2.37  X JO 3 , perpendicular  to  wall  of  copper  and  aluminum.  Z - 

E - 30.  2.37  X 103,  E = 30. 
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arc  initiated  and  may  propagate  by  the  process  of 
shock  interaction  with  density  discontinuities  such  as 
voids.  These  interactions  result  in  hot  regions  that 
decompose  and  give  increasing  pressures  that  cause 
more  and  hotter  decomposing  regions.  Some  hetero- 
geneous explosives  may  require  hot  spots  even  for  the 
propagation  of  the  detonation  wave. 

Because  previous  modeling  of  heterogeneous  shock 
initiation  of  explosives  has  proved  useful  only  for 
certain  applications  (4),  a more  general  model  for  the 
bulk  decomposition  of  a heterogeneous  explosive  has 
been  developed.  It  may  be  used  to  reproduce  the 
explosive  behavior  in  many  one-  and  two-dimensional 
situations  for  which  data  is  available.  It  is  called  the 
Forest  Fire  model  and  is  described  in  Ref.  S.  The 
model  gives  the  rate  of  explosive  decomposition  as  a 
function  of  the  local  pressure  (or  any  other  state 
variable)  in  the  explosive  shown  in  Fig.  S.  In  this 
section  we  shall  describe  the  results  of  applying  the 
Forest  Fire  description  of  heterogeneous  explosive 
detonation  propagation  to  detonation  propagation 
along  surfaces  and  around  corners. 


Fig.  5.  The  rate  of  decomposition  as  a function  of 
the  pressure  from  the  Forest  Fire  model 


The  Los  Alamos  Scientific  Laboratory  radio- 
graphic  facility,  PHERMEX  (10)  was  used  to  study 
the  detonation  wave  profile  in  heterogeneous  explo- 
sives as  it  proceeds  up  metal  surfaces  (3,10).  It  has 
also  been  used  to  study  the  profiles  when  a detona- 
tion wave  in  Composition  B or  X0219  turns  a corner 
(11,12). 

As  described  in  Ref.  3,  a radiographic  study  was 
made  of  a 10.16-cm  cube  of  Composition  B,  with  and 
without  tantalum  foils,  initiated  by  a plane  wave  lens 
confined  by  2.54  cm-thick  aluminum  plates.  The 
radiographs  show  a remarkably  flat  detonation  front 
followed  by  a large  decrease  in  density  originating 
near  the  front  of  the  wave  as  it  intersects  the  metal 
plate. 

A numerical  calculation  using  Arrhenius  kinetics 
results  in  considerable  curvature  of  the  detonating 
wave  if  realistic  kinetic  parameters  are  used.  Tire 
Forest  Fire  model  of  heterogeneous  shock  initiation 
results  in  a calculated  flow  closely  resembling  that 
observed  experimentally  as  shown  in  Fig.  6.  This 
suggests  that  the  observed  detonation  behavior  is  a 
result  of  the  heterogeneous  shock  initiation  processes. 


Fig.  6.  The  constant  density  profiles  at  8 psec  for  a 
5-cm-half-thickness  slab  of  Composition  B detonating 
by  the  Forest  Fire  mode l up  an  aluminum  plate  2.5- 
cm-thick.  The  prominent  features  of  a radiograph  of 
the  flow  are  shown  with  dashed  lines. 
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Therefore,  the  more  insensitive  explosives  should  give 
greater  wave  curvature  and  have  larger  failure  diam- 
eters. Explosives  initiated  and  burned  with  a hetero- 
geneous shock  initiation  model,  such  as  Forest  Fire, 
do  not  exhibit  scaling  behavior  and  hence  failure 
depends  upon  the  pressure  magnitude  and  how  long 
it  can  be  maintained.  The  Forest  Fire  model  results 
agreed  with  experimental  observations  for  many 
explosives. 

Venable  (11,5)  performed  a radiographic  study  of 
a Baratol  plane-wave-initiated  Composition  B slab 
detonation  proceeding  perpendicular  to  an  aluminum 
block  and  up  a 45  degree  wedge.  Calculations  using 
the  Forest  Fire  model  reproduced  the  features  of  the 
radiographs  as  shown  in  Fig.  7.  This  was  not  a very 
significant  test  of  the  Forest  Fire  model  because  the 
C-J  volume  burn  technique  or  programmed  burn 
technique  of  burning  explosives  can  give  also  similar 
profiles  to  those  observed  experimentally.  An 
Arrhenius  burn  with  a resolved  reaction  zone  will  not 
give  detonation  wave  behavior  such  as  observed  exper- 
imentally. 


Dick  (12)  performed  a radiographic  study  of  a 
detonation  wave  proceeding  up  a block  of  a very  in- 
sensitive triamino  trinitrobenzene  (TATB)  based 
explosive,  called  X0219  (90%  TATB,  10%  KelF,  p0  = 

1 .914),  and  its  failure  to  propagate  completely 
around  a corner.  Dick’s  experimental  profiles  and  the 
calculated  profiles  using  the  Forest  Fire  model  are 
shown  in  Fig.  8.  The  agreement  shown  is  encourag- 
ing. However,  the  amount  of  explosive  that  remains 
undecomposed  after  passage  of  the  shock  wave 
depends  primarily  upon  the  curvature  of  the  detona- 
tion wave  before  it  turns  the  corner.  If  the  wave  is 
sufficiently  curved,  the  detonation  proceeds  like  a 
diverging  detonation  wave  and  little  or  no  explosive 
remains  undecomposed.  If  the  wave  is  flat,  or  nearly 
so,  when  it  arrives  at  the  corner  then  much  more 
partially  decomposed  explosive  will  remain  after 
shock  passage.  The  actual  experiment  was  performed 
with  air  in  the  corner  so  the  Lagrangian  calculation 
which  required  some  low  density  material  in  the 
corner  (we  used  Plexiglas)  underestimates  the  amount 
of  exploiive  that  remains  undecomposed.  An  alumi- 
num corner  results  in  very  little  undecomposed 


Fig.  7.  Calculated  profiles  of  a Composition  B Forest  Fire  detonation  proceeding  around  a 90°  comer  formed  by 
an  aluminum  block.  The  pressure  profile  interval  is  50  kbar,  the  density  profile  is  0.02  cc/gm,  the  mass  fraction 
interval  is  0.1  and  the  last  figure  is  the  mesh  used  in  the  calculation.  The  PHERMEX  profiles  are  shown  by 
dashed  lines. 
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explosive,  and  a lower  density  material  slightly  in- 
creases the  amount  of  undecomposed  explosive. 

To  study  this  system  in  a more  realistic  geometry, 
we  used  the  Eulerian  code  2DE  (13)  because  it  can 
handle  large  distortion  problems  such  as  an  explosive- 
air  interface.  The  calculated  results  using  Forest  Fire 
burn  arc  similar  to  those  calculated  with  the  2DL 
code  in  Fig.  8.  Again,  the  results  depend  upon  the 
detonation  wave  profile  before  it  reaches  the  corner. 
An  interesting  aspect  of  the  calculational  study  was 
that  if  the  wave  was  started  out  flat,  the  explosive 
region  near  the  explosive-air  interface  remained  par- 
tially decomposed  and  the  detonation  wave  >cver 
completely  burned  across  the  front  until  the  wave 
became  sufficiently  curved  at  the  front  and  near  the 
interface.  The  failure  process  of  a heterogeneous 


Fig.  8.  The  radiographic  and  calculated  2DL  profiles 
of  a detonation  wave  propagating  around  a comer  of 
insensitive  explosive  X021 9.  The  comer  is  filled  with 
air  In  the  experiment  and  with  Plexiglas  in  the  calcu- 
lation. 


explosive  must  be  a complicated  interaction  of  the 
effective  reaction  zone  thickness  (presumably  de- 
pendent upon  the  void  and  resulting  hot  spot  size  and 
decomposition  rate)  determining  how  flat  the  wave 
should  be  and  the  curvature  required  for  decomposi- 
tion to  occur  near  the  surface  of  the  charge.  Because 
the  details  of  the  hot  spot  reaction  zone  are  missing 
from  our  calculation  and  model,  much  remains  to  be 
done  before  realistic  calculations  of  failure  radius  can 
be  achieved. 

Calculations  were  performed  using  the  Forest  Fire 
burn  in  2DL  for  0.7-  and  1 .3-cm-radius  cylinders  of 
X0219  confined  by  Plexiglas  and  for  half  thickness 
slabs  of  1 .3  and  2.6  cm.  The  thinner  charges  devel- 
oped greater  curvature  and  the  0.7-cm-radius  cylinder 
failed  to  propagate.  Calculations  were  also  performed 
using  the  Forest  Fire  burn  in  2DE  for  0.6S  and  1 .3- 
cm-radius  cylinders  of  X0219  confined  by  air.  The 
0.65-cm-radius  cylinder  failed  to  propagate  as  shown 
in  Fig.  9.  The  experimentally  observed  failure  radius 
of  X0219  is  0.75  cm.  The  results  of  similar  calcula- 
tions for  9404,  Composition  B,  and  X0290  are  com- 
pared with  the  experimental  failure  radius  of  Camp- 
bell and  Engelkle  (14)  in  Table  1.  These  results  are 


Fig.  9.  The  pressure  and  mass  fraction  profiles  for  a 
0.65  and  a 1. 3-cm-radius  cylinder  of  X0219in  air  cal- 
culated using  the  2DE  code  with  the  Forest  Fire  bum 
model. 
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TABLE  1 


Experimental  and  Calculated  Failure  Radii 


Experimental 
Failure  Radius 
(cm) 

Calculated 

Results 

X0219 

0.75  t .05 

1 .3  propagated 

0.7  failed 

X0290 

0.45  ± .05 

0.50  propagated 
0.30  failed 

Comp  B 

0.214  ± .03 

0.30  propagated 
0.20  failed 

9404 

0.06  ± .01 

0.10  propagated 
0.05  failed 

dependent  upon  the  initiation  method  and  the  burn 
resolution.  The  dominate  feature  of  failure  in  hetero- 
geneous explosives  appears  to  be  the  same  hot  spot 
decomposition  reaction  that  determines  the  shock 
initiation  behavior. 


CONCULSIONS 

The  process  of  detonation  initiation  and  propaga- 
tion of  homogeneous  explosives  along  surfaces  may 
be  qualita  lively  described  using  Arrhenius  kinetics. 
Because  the  reaction  zone  scale  is  orders  of  magni- 
tude smaller  than  the  scale  of  the  experiments  of 
interest,  quantitative  calculations  are  difficult  to 
achieve.  The  ability  of  thin  metal  cylinders  to  pre- 
vent detonation  failure  in  nitromethane  and  the 
observed  failure  and  reignition  of  nitromethane  by 
changes  in  confinement  geometry  may  be  qualita- 
tively reproduced  by  numerical  reactive  fluid  dynam- 
ics with  Arrhenius  kinetics. 

Detonation  initiation  and  propagation  of  hetero- 
geneous explosives  cannot  be  described  adequately 
using  Arrhenius  kinetics.  A new  model  can  describe 
the  decomposition  that  occurs  from  hot  spots  formed 
by  shock  interactions  with  density  discontinuities  in 
heterogeneous  explosives  and  can  also  describe  the 
passage  of  heterogeneous  detonation  waves  around 
corners  and  along  surfaces.  Failure  or  propagation  of 


a heterogeneous  detonation  wave  depends  upon  the 
interrelated  effects  of  the  wave  curvature  and  the 
shock  sensitivity  of  the  explosive.  Some  of  the  basic 
differences  have  been  established  between  homo- 
geneous and  heterogeneous  explosive  propagation  and 
failure. 
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HIGH  RESOLUTION  PHOTOGRAPHY  OF  TRANSVERSE  WAVE 
EFFECTS  IN  THE  DETONATION  OF  CONDENSED  EXPLOSIVES 


Per-Anden  Peruon  and  Guiuur  Pcruon 
Swediah  De  tonic  Research  Foundation 
Box  320S8,  1 26  1 1 Stockholm,  Sweden 


Dark-wave  effects  of  different  kinds  (cellular  structure,  transverse  waves,  con- 
vergent and  divergent  dark  waves)  that  occur  in  the  detonation  of  homogeneous 
liquid  explosives  have  been  studied  by  Kerrcell,  streak  camera,  and  open  camera 
high  resolution  photography. 

Interaction  between  chemical  reaction  and  transverse  waves  gives  a common  ex- 
planation for  these  seemingly  different  kinds  of  dark-wave  effects 

Similar  wave-like  dark-and-light  patterns  first  observed  inthe  1920s  by  Urbanski 
in  open  camera  photographs  of  plastic  and  powder  explosives  detonating  in  glass 
tubes  are  found  to  be  strongly  dependent  on  the  mode  of  fracturing  of  the  glass 
envelope. 


INTRODUCTION 

The  detonation  wave  front  in  many  homogeneous 
liquids  has  a complex  structure  of  transverse  waves, 
caused  by  the  rapidly  pulsating,  intermittent  separa- 
tion  of  the  zone  of  chemical  reaction  from  the  wave 
front.  The  development  and  frequency  of  this  struc- 
ture depend  on  the  rate  constants  of  the  chemical 
reaction  and  the  general  level  of  shock  compression 
temperatures  of  unreacted  explosives  behind  the  wave 
front.  The  transverse  wave  structure  develops  when 
these  conditions  are  such  that  the  chemical  reaction 
has  a marked  induction  period. 

This  relatively  recent  discovery  is  as  important  a 
contribution  to  the  understanding  of  explosives  as 
was  the  formulation  of  the  Chapman-Jouget  theory. 

As  with  the  Chapman-Jouget  theory,  the  trans- 
verse wave  theory  was  first  verified  in  gas  detonation 
experiments  and  could  later  be  applied  successfully  to 


condensed  explosives,  Shchelkin  1959  (5),  Dremin 
et  al.  1963  (2). 

in  contrast  to  gas  detonations,  where  repeated 
reflections  of  the  transverse  waves  at  the  containing 
walls  can  create  a regular  network  of  interacting  triple- 
wave intersections,  condensed  phase  detonations 
normally  seem  to  have  a more  irregular  pattern  of 
ransverse  waves  of  randomly  distributed  strength. 
Particularly  with  walls  of  low  or  medium  shock 
impedance  such  as  plexiglass  or  glass,  reaction  break- 
down phenomena  caused  by  rarefactions  originating 
at  the  wall  dominate  the  wave  pattern  to  such  an 
extent  that  they  were  long  considered  to  be  separate 
phenomena  of  a different  nature  from  the  transverse 
wave  structure. 

The  purpose  of  this  paper  is  to  present  some 
photographic  evidence  to  show  how  all  these  effects 
are  interrelated.  They  are  really  only  different  mani- 
festations of  the  same  phenomenon,  that  of  local 
transient  separation  of  the  zone  of  reaction  from  the 
wave  front. 
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EXPERIMENTAL 


The  experimental  techniques  used  in  these  experi- 
ments will  be  described  below  to  give  some  details  of 
the  optical  systems  and  photographic  techniques  used 
to  obtain  an  improved  resolution. 

In  general,  great  care  was  taken  to  use  a high 
optical  quality  glass  bunker  window  and  object 
mirror  and  not  to  use  thicker  bunker  windows  than 
necessary.  To  decrease  the  airblast  pressure  on  the 
bunker  window,  a heavy  steel  blast  screen  was  placed 
between  the  object  mirror  and  the  window,  having  an 
opening  only  sufficiently  large  t .r  ismit  the  object 
light.  The  window  was  of  mirror  glass  quality  and 
was  collimator  tested  to  asa  uain  parallellity  of  sur- 
faces and  to  avoid  glass  defects.  The  mirror  was  6-8 
mm  thick,  of  optical  flat  quality  with  front  surface 
vapor  deposited  aluminum  and  silicon  reflecting 
material. 

KERR-CELL  PHOTOGRAPHY 

The  15.5/18-mm-diamcter  glass  tube  filled  with 
nitromethanc  used  in  the  Kerr-cell  photography  was 
placed  vertically  with  the  TNT  booster  charge  at  the 
bottom.  The  mirror  was  placed  at  an  angle  of  45° 
above  and  close  to  the  object  so  that  the  camera  re- 
garded the  charge  from  above  along  the  charge  axis. 
To  avoid  the  effect  of  surface  tension  at  the  liquid 
surface  by  the  tube  wall,  a conical  nitromethane- 
filled  container  was  glued  on  at  the  top  end  of  the  tube 
so  that  there  was  a flat  liquid  surface  over  the  whole 
of  the  cross  sectional  area  of  the  tube.  The  camera 
was  equipped  with  a 1 :2.9/2Q0  mm  objective  lens  and 
the  full  aperture  was  used.  The  object-to-film  scale 
was  4:1,  and  the  distance  between  the  6-mm-thick 
glass  window  and  the  objective  lens  was  about  50  mm, 

A description  of  the  camera  and  shutter  was  given 
by  Aronzon  in  1957  (12). 

The  Kerr-cell  was  triggered  by  triple  mechanically 
shortcircuiting  trigger  wires  taped  on  to  the  outside 
of  the  glass  tube.  As  the  depth  of  field  was  only  about 
1 mm,  high  demands  on  triggering  accuracy  had  to  be 
met. 

STREAK  CAMERA  PHOTOGRAPHY 

The  experimental  setup  used  for  the  streak  photo- 
graphy was  similar  to  that  used  in  the  Kerr-cell  photo- 


graphy except  that  the  initiation  of  the  charge  was 
triggered  electronically  from  the  Brixton  type  rotating 
mirror  camera.  A detailed  description  of  the  camera, 
built  at  the  Swedish  Research  Institute  of  National 
Defense  has  been  given  by  Axelsson  and  Beijer  1959 
(11).  For  this  series  of  experiments,  the  objective 
lens  was  a high  resolution  rcpro-lens  (Voightlander 
Apo-Skopar  1 :9/450  mm).  In  the  experiments  with 
15.5-mm-diameter  charges  of  neat  nitromethane  and 
also  those  with  30-mm-diameter  charges  of  acetone- 
diluted  nitromethane  the  film-to-object  scale  was  1 : 1 
(the  camera  has  a slit-to-film  enlargement  factor  of 
1 .52/:  1),  and  wc  obtained  the  best  time-  and  space- 
resolution  by  using  a slit  of  0.1  mm  (0.15  mm  in  the 
film  plane)  and  a writing  speed  about  2.7  mm/#isec. 

In  the  experiments  with  acetone-diluted  nitromethane 
in  a brass  cell,  the  object-to-film  scale  was  3:1,  the 
slit  0.3  mm  (0,45  on  the  film),  and  the  writing  speed 
2.7  mm/psec. 

The  weak  film  exposure  obtained  under  these  con- 
ditions by  the  light  emitted  from  detonating  nitro- 
methane, and  especially  by  the  faint  light  emitted  by 
the  detonation  in  the  shock-compressed  material, 
made  it  necessary  to  use  a relatively  fast  film  material 
that  gave  a fine  grain  even  after  forced  development. 
The  optimal  combination  was  found  to  be  Kodak 
4 1 64  sheet  film  developed  in  Agfa  Refinal  for  1 5 min 
at  20°C.  This  gave  a film  density  around  0. 1 above 
basic  fog  for  the  light  of  regular  detonation  in  neat 
nitromethanc  in  a small  diameter  glass  tube. 


THE  OPEN  CAMERA  TECHNIQUE 

The  open  camera  technique  for  recording  the  total 
light  emission  from  a detonating  charge  was  pioneered 
by  Urbanski  in  1 927  (4).  The  charges,  contained  in  a 
transparent  tube  surrounded  by  air  or,  as  in  later 
applications,  (See  Persson  and  Bjarnholt  1970  [15]) 
in  a waterfilled  aquarium,  is  placed  in  a darkened 
space  and  an  ordinary  mechanical  shutter  camera  is 
focussed  to  see  the  whole  charge.  The  detonation  is 
allowed  to  pass  through  the  charge  while  the  shutter 
is  open,  thus  giving  a time-integrated  picture  of  the 
self-luminosity  of  the  detonation.  The  luminous 
reaction  zone  is  often  quite  thin,  so  there  is  little 
motion  of  the  reacting  explosive  during  the  time  it 
emits  light.  Therefore  any  local  variations  in  light 
emission  will  result  in  a pattern  of  light  and  dark 
regions  on  the  surface  of  the  charge. 
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in  a furthci  development  of  this  technique  the 
setup  is  combined  witli  a short  duration  explosive 
argon  flash  arranged  to  give  a background  illumina- 
tion through  the  unreactcd  transparent  liquid  explo- 
sive. As  the  reaction  products  arc  normally  opaque, 
the  usual  dark  wave  pattern  can  be  seen  in  that  part 
of  the  charge  that  has  detonated  before  the  time  of 
the  light  flash.  The  position  of  the  shock  wave  and 
detonation  fronts  at  the  instant  of  the  flash  are  well 
outlined  against  the  background  light.  Where  the 
shock-compressed  liquid  is  transparent,  the  borderline 
between  reacted  and  unreacted  material  can  be 
detected. 

The  camera  used  in  all  these  experiments  was  a 
Hassclblad  500  C (60  X 60  mm),  with  a 1 :4/l  50  mm 
Sonnar  objective  lens.  The  aperture  used  was  1:11 
and  the  film  was  Agfa  AP  25  developed  in  Agfa 
Rcfinal  for  3.5  min  at  20°C  to  decrease  contrast. 


DARK  WAVES 

In  1956,  Campbell,  Holland,  Malin,  and  Cotter  (1) 
reported  streak  camera  records  of  detonating  nitro- 
methane  and  nitromethane-acetone  mixtures  showing 
regions  of  low  luminosity  that  they  named  “dark 
waves."  The  waves  were  thought  to  be  associated 
with  hydrodynamic  rarefactions  originating  at  the 
charge  boundary.  Similar  waves  were  observed  in 
dicthylcnc  glycol  dinitratc,  ethyl  nitrate,  and  also  in 
single  crystals  of  PliTN. 

In  agreement  with  the  theory  of  Shchclkin  1959 
(5)  of  unstable  combustion  leading  to  pulsating  deto- 
nations, Dremin  and  co-workers  in  1 963  (2)  conclu  Jed 
that  the  wave  patterns  observed  in  their  streak  camera 
records  of  detonating  nitromethane  diluted  with 
acotonc,  nitroglycerine  diluted  with  methyl  alcohol 
and  also  ethylene  glycol  dinitratc  mixed  with  acetone, 
were  indeed  due  to  transverse  wave  disturbances, 
interacting  with  each  other  and  with  the  chemical 
reaction,  in  the  manner  proposed  by  Shchelkin. 


CONVERGENT  DARK  WAVES 

Figure  la  and  lb  show  end-on  streak  camera 
records  of  detonating  neat  nitromethane  in  glass 
tubes  of  internal/cxternai  diameter  15.5/18  mm  and 
with  a length  of  50  mm.  Initiation  was  made  by  a 
85-mm-long  charge  of  pressed  TNT  of  30  mm 


diameter  through  a 0.25-mm  sheet  of  black  PVC. 
Previous  studies  have  shown  (Pcrsson  & Sjblin  1970 
|7] ) that  pressed  TNT  at  this  charge  diameter  gives 
almost  immediate  initiation  with  negligible  overdrive 
effects  in  nitromethane  when  initiating  through  a 
0.25-mm  sheet  of  PVC. 

In  the  experiment  of  Fig.  la  the  glass  tube  was 
positioned  at  an  angle  to  the  optical  axis  of  the  camera 
so  that  the  camera  sib  was  off-center  in  the  lower 
part  of  the  tube.  The  tube  appears  conical  because 
of  this  and  the  dark  waves  near  the  wall  are  mirrored 
by  optical  reflexion  of  light  at  the  inner  wall  of  the 
tube.  The  upper  surface  of  nitromethane  was  in  con- 
tact with  atmospheric  air. 

In  the  experiment  of  Fig.  lb  the  column  of  nitro- 
methane  was  completely  interrupted  by  a 0.1-mm- 
thick  sheet  of  glass  at  right  angles  to  the  tube  axis 
at  a position  30  mm  from  the  PVC  sheet.  The  upper 
surface  of  nitromethane  was  separated  from  the  air 
by  another  glass  sheet,  0.3  mm.  thick,  to  avoid  the  air 
shock  light  sc  in  in  Fig.  la. 

Figure  2 shows  a Kerr-cell  photograph  of  the  on- 
coming detonation  front  in  a glass  tube  of  neat  nitro- 
methane of  the  same  dimensions  and  initiated  exactly 
in  the  same  way  as  in  the  experiments  of  Fig.  1 . We 
see  two  large  dark  waves  and  numerous  small  ones. 

In  the  larger  ones,  the  faintly  luminous  zone  of  the 
detonation  in  the  shock  compressed  nitromethane 
can  be  seen,  as  well  as  the  narrow  band  of  increased 
light  intensity  of  the  overdriven  detonation. 

In  all  three  photographs,  most  of  the  dark  waves 
are  seen  to  originate  at  the  tube  wall,  and  they  con- 
vene as  they  travel  inwards.  Characteristic  for  these 
waves,  that  we  suggest  should  be  called  convergent 
dark  waves,  is  that  the  line  of  reinitiation  is  precceded 
by  a faint  light  and  followed  by  a short  duration  in- 
tense light  that  quickly  decays  into  the  intensity  level 
of  the  undisturbed  detonation,  The  process  is  ex- 
plained in  Fig.  3 where  the  “dark”  region  is  enclosed 
between  the  failure  line  F-F  and  the  reinitiation  line 
R-R.  After  failure,  that  always  originates  at  the  tube 
wall,  reinitiation  occurs  first  at  a point  in  the  liquid 
C'  originally  positioned  at  C on  or  close  to  the 
failure  line  F-F  and  some  distance  away  from  the 
wall. 

In  Fig.  3,  the  lines  0-0, 1-1, 2-2,  and  3-3  represent 
the  positions  of  the  detonation  front  at  five  different 
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Fig.  1.  Streak  camera  records  of  dark  waves  in  neat  nitromethane  in  15.5-mm-diameter  glass  tube  at  initial 
temperatures  a.  Shot  No.  12119,  14“  C,  b.  Shot  No.  12122,  6.5° C. 


Fig.  2.  Kerr-cell  ca>uera  photo  of  the  instantaneous 
self-luminosity  of  an  oncoming  detonation  wave  in 
neat  nitromethane. 


times  during  the  development  of  a convergent  wall 
failure  wave.  At  time  0,  a detonation  failure  develops 
at  the  point  1*'  at  the  wall.  As  the  detonation  proceeds, 
the  failure  spreads  into  the  explosive,  bounded  by  the 
failure  line  and  the  oblique  shock  front.  At  time  1 a 
detonation  front  that  originated  at  the  centre  of 
initiation  C'  has  just  caught  up  with  the  shock  front. 
The  detonation  in  the  shock  compressed  material 
successively  intersects  the  shock  front  along  the  line 
R-R'  as  the  detonation  and  tailurc  proceeds.  Because 
of  its  higher  pressure  and  velocity,  the  detonation  in 
the  shock  compressed  explosive  will  overdrive  the 
detonation  immediately  on  the  other  side  of  R-R', 
but  because  of  the  wave  curvature  this  overdrive 
quickly  decays  into  a regular  detonation.  No  light  is 
emitted  from  the  shock  compressed  unreactcd  explo- 
sive. A faint  light,  weaker  than  that  from  a regular 
detonation  is  sent  out  from  the  detonation  front  in 
the  shock-compressed  explosive.  A short  duration  in- 
tense light,  brighter  than  that  of  the  regular  detona- 
tion, is  sent  out  by  the  overdriven  detonation.  These 
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Fig.  3.  Schematic  diagram  of  triple  wave  interactions 
in  a single  convergent  dark  wave.  F-F1 : failure  line, 
R-R':  strong  reinitiation  line,  RD:  regular  detonation 
front,  OD:  overdriven  detonation  front,  CD:  detona- 
tion front  in  shock  compressed  material,  S:  shock 
front. 


features  can  be  seen  in  the  large  failure  wave  In  the 
upper  left  hand  part  of  the  record  in  figure  la,  and  in 
the  upper  right  hand  part  of  figure  lb.  We  will  call 
this  kind  of  reinitiation  a strong  reinitiation,  because 
it  is  always  accompanied  by  an  overdrive  of  the  deto- 
nation along  the  line  of  reinitiation. 

Note  also  the  fine-structure  of  narrow  failure 
waves  that  create  a crit  -cross  network  of  lines  just 
visible  in  the  upper  hdf  of  each  recording,  where  the 
camera  is  focussed.  We  would  sugge.t  that  this  fine- 
structure  is  only  a small  fraction  of  the  total  fine- 
structure  present,  most  of  which  is  too  finely  detailed 
to  be  visible,  even  with  the  improved  resolution 


afforded  by  these  records.  The  upper  left  hand  part 
of  the  record  In  Fig.  lb  strongly  suggests  this,  and  it 
also  shows  the  random  size  distribution  of  the  failure 
lines. 

Within  »hc  resolution  of  these  records,  of  the  order 
of  0.04  mm  in  the  object,  the  failure  line  F-F'  and  the 
reinitiation  line  R-R'  gradually  approach  each  other 
and  become  almost  parallcil,  but  they  never  meet, 
and  the  dark  wave  propagates,  visible  as  a narrow 
dark  band,  for  long  distances  across  the  charge. 

1 1 is  interesting  to  note  the  close  similarity  between 
these  narrow  dark  waves  in  neat  nitromethane  with 
those  recorded  by  Brochet,  Prcsles,  and  Cheret  1974 
(6)  in  nitromethane  mixed  with  the  high  density 
liquids  chloroform  or  bromoform. 


THE  PROPAGATION  OF  A FAILURE  WAVE 
AND  THE  ASSOCIATED  SHOCK 

The  evaluation  of  propagation  velocities  from 
streak  camera  recordings  using  cylindrical  charges  can 
lead  to  an  over-estimate  of  the  velocity  unless  the 
point  of  origin  of  the  failure  at  the  wall  and  the  point 
of  reinitiation  both  happen  to  fall  on  the  slit. 

To  get  a better  estimate  of  the  lateral  propagation 
velocity  v of  the  failure  wave,  the  associated  shock 
wave  velocity  u,,  and  the  lateral  reinitiation  wave 
velocity  u,  we  have  made  use  of  two  different  kinds 
of  experiment  that  will  be  described  in  the  following. 

Figure  4 shows  two  photographs  obtained  by 
superimposing  a 0. 1-psec-duration  argon  flash  back- 
lighting on  the  open  camera  picture  of  a rectangular 
cross-section  cuvet  containing  neat  nitromethane. 

The  back  and  front  walls  of  the  cuvet  was  glass  of  2 
mm  thjekness,  the  left  side  wall  and  the  lower  part 
of  the  right  side  wall  was  made  of  steel  foil  of  thick- 
ness 0. 1 mm  while  the  upper  part  of  the  right  hand 
side  wall  was  0.06  mm  mylar  foil.  The  size  of  the 
cuvet  was  9.7  X 20  mm  cross  section  and  80  mm 
length,  with  the  2C-mm  side  facing  the  camera.  At 
the  point  on  the  left  hand  wall  where  the  steel  foil 
ends,  30,5  mm  from  the  rectangular  12  X 24  mm  cross 
section  TNT  booster  charge,  a failure  wave  begins.  The 
background  flash  gives  an  outline  of  the  detonation 
wave,  the  shock  wave  in  the  nitromethane  and  the 
shock  wave  in  the  surrounding  water.  It  also  shows, 
with  a slight  distortion  because  of  refraction  in  the 
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a.  b. 

Fig.  4.  Combined  flash  and  open  camera  photos  of  self-luminosity  of  neat  nitromethane  detonating  in  a 
rectangular  cross  section  glass  cuvet  where  the  lower  part  of  the  right  hand  side  wall  is  steel  foil  Superimposed 
on  photo  is  0. 1 psec  argon  flash  bncklighining,  showing  outline  of  detonation  front  and  shock  fronts.  Cuvet  size: 
9.7  X 20.0  X 80  mm,  length  of  steel  foil,  30.8  mm.  a.  Shot  No.  1028 1,  b.  Shot  No.  10282.  Photo:  G.  Bjarnholt. 

j 

^ water  shock,  the  position  of  the  reaction  products  of  1964  (8)  reported  v - 3.72  km/s  using  plane  wave 

| the  booster  charge  and  the  lower  part  of  the  nitro-  initiated  charges,  whereas  Dremin  and  Trofimov  1964 

methane.  In  the  following,  let  a be  the  angle  between  (9)  reported  4.75  km/s  using  axisymmetric  charges, 
i the  original  surface  of  the  wall  and  the  nitromethane  Because  the  charges  in  this  series  of  experiments  were 

shock  wave  front.  Let  p be  the  angle  between  the  close  to  critical  dimensions,  it  is  not  surprising  that 

wall  and  the  failure  line,  and  let  y be  the  angle  be-  the  average  v-and  us  values  are  low.  A close  scrutiny 

i tween  the  wall  and  the  line  of  reinitiation.  We  find  of  the  pictures  shows  that  there  is  a curvatme  both  to 

j from  geometrical  considerations  (see  Fig.  5).  the  regular  detonation  front,  the  failure  line  (F-F'), 

1 the  shock  front,  and  the  reinitiation  line.  Ifwetryto 

* estimate  the  values  of  a and  (l  at  the  failure  line  inter- 

section with  the  shock  and  detonation  fronts,  we  find 
v - D tg  P,  approximately  a - 64°  and  P =35°  corresponding  to 

v - 4.41  km/s  and  us  = 3.73  km/s  at  an  assumed  deto- 
us  = [D  sin  (a-0)}/cos  p nation  velocity  D = 6.3  km/s.  The  corresponding 

pressure  in  the  shock  compressed,  unreacted  explo- 
sive close  to  tne  failure  line  is  found  to  be  87  kb. 

"■  using  the  shock  adiabat 

Table  1 shows  seme  values  of  the  angles  a and  P and 

the  associated  velocities  us  and  v evaluated  from  us  = 2.00  + 1 .38 

records  like  those  in  Fig.  4,  assuming  the  detonation 

velocity  is  6.3  km/sec.  We  notice  that  some  of  the  for  unrearted  n:*rome thane  given  by  Ilyukhin  et  al. 

v- values  are  lower  than  those  found  previously.  Davis  I960  (10). 
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Fig.  5.  Relations  between  detonation  velocity  D, 
shock  velocity  us,  and  lateral  failure  velocity  v.  S' 
shock  wave  front,  RD:  regular  detonation  front,  F-F1: 
failure  line. 


DIVERGENT  DARK  WAVES 

Figure  6 shows  a streak  camera  record  of  neat 
nitromethanc  detonating  in  a brass  tube  of  diameter 
1 1 mm.  The  camera  looks  along  the  axis  of  the  tube 
at  the  oncoming  detonation  front  with  the  camera  slit 
exposing  a diameter.  The  length  of  the  tube  was  12C 
mm,  and  initiation  was  by  a no  6 detonator  initiating 


TABLE  1 


I--'  ' 


' V, 


Fig.  6.  Streak  camera  record  of  divergent  dark  waves 
in  the  detonation  of  neat  nitromethane  in  a 10-mm- 
diameter  brass  tube  with  two  internal  grooves.  Initial 
temperature  21°C.  Shot  No.  12 1 50. 


a 20  mm  diameter  80  mm  long  pressed  TNT  charge, 
separated  from  the  nitromethane  by  a 0.25  mm  thick 
black  PVC  foil.  The  downstream  end  of  the  tube 
opened  into  a 36-mm  diameter  24-mm-long  tube. 
Both  tubes  were  filled  with  neat  nitromethane. 

In  the  experiment  of  Fig.  6 two  grooves  were 
turned  into  the  inside  wall  of  the  tube,  12  mm  from 
the  downstream  end  of  the  tube,  15  mm  and  10  mm 
respectively  from  the  downstream  end  of  the  tube. 
The  first  of  these  had  a depth  equal  to  its  width  of 
0.75  mm.  (Because  of  the  small  tube  diameter,  and 
possibly  also  because  of  the  additional  disturbance 
of  the  second  groove,  the  detonation  in  the  experi- 
ment of  figure  6 did  not  reinitiate  after  being  ex- 
tinguished on  passing  out  into  the  larger  tube,  as  it 
did  in  some  of  the  other  experiments.)  The  most 
prominent  feature  of  figure  6 is  the  symmetrically 
occurring  dark  zones  spreading  inward  from  the  up- 
stream comer  of  each  groove.  Because  the  dark  zone 
widens  as  it  moves  towards  the  charge  axis  we  will 
call  it  a divergent  dark  wave. 
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WEAK  AND  STRONG  REINITIATIONS 

W*  see  from  the  experimente  In  Pig.  6 that  tha 
week  reinitiation  caused  by  tha  raappaaranca  of  tha 
metal  wall  support  downatream  of  tha  groove  hai  an 
entirely  different  appearance  and  a lower  propagation 
velocity  than  tha  atrong  reinitiation  dealt  with  above. 
For  reaeon*  that  will  become  obvloua  later  we  win 
call  this  a weak  reinitiation.  In  the  weak  reinitiation, 
there  la  no  evidence  of  detonation  In  tha  shock  com- 
pressed material  and  no  overdrive. 

The  failure  line  In  thee*  experiments  appears  to 
have  a similar  slope  to  that  found  In  the  wall  failures, 
L*.  In  the  range  3.75  < r < 4.25  km/sec,  where  the 
lateral  propagation  velocity  * of  the  failure  Increases 
as  the  failure  travels  towards  the  charge  axis. 

Table  A shows  some  average  lateral  propagation 
velocities  of  the  failure  wave  and  the  weak  reinitiation 
wave  evaluated  from  the  streak  record  In  Pig.  6. 

Just  at  the  limit  of  resolution,  there  1s  evidence  of 
a fine-structure  of  failures  and  reinitiations  in  several 
of  our  pictures  of  this  kind  even  though  the  explosive 
Is  neat  nltromethane.  This  flne-structure  often 
occurs  In  regions  downstream  of  a large  failure.  Some 
of  It  can  be  aeen  In  Pig.  6.  We  take  this  as  further 
evidence  of  tha  existence,  In  a normal  nltromethane 
detonation,  of  a network  of  very  fine  failures  and 
reinitiation.  This  supports  the  conclusions  drawn  by 
Dremln  and  co-workers  1970  (13)  from  experiments 

TABLE  6 


Lateral  Velodtiet  of  Failure  Ware  and  Weak  Reinitia- 
tion in  Neat  Nltromethane  In  10  mm  Dimeter  Brut 
Tube  with  Internal  Groom  (Fig.  6).  Shot  No  12130. 


Groove 

no 
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Lateral 
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km/sec 

Lateral 

reini- 
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km /sec 
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mm 

Axial 
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of 

failure 

mm 

1 

left 

3.75 

3.78 

0.4 

0.8 

right 

3.86 

3.24 

2 

left 

3.59 

0.75 

1.04 

right 

3.73 

Mean  value 

3.73 

3.01 

that  showed  the  detonation  front  of  nitroglycerine  to 
be  specularly  light  reflecting  whereat  that  of  nltro- 
methane  was  not.  They  concluded  that  nltromethane. 
In  contrast  to  nitroglycerine,  has  a transverse  wave 
structure  In  the  detonation  front,  of  a wave  length 
greater  than  that  of  visible  light. 

In  Table  2 It  alto  given  the  time  Interval  of  dark- 
ness and  the  distance  of  no  detonation  along  the  wall 
from  the  beginning  of  each  groove  In  the  experiment 
of  Pig.  6,  We  tee  that  the  origin  of  the  reinitiation  at 
the  wall  it  tome  distance  downstream  of  the  end  of 
the  groove,  a distance  about  equal  to  the  width  of  the 
groove.  In  deriving  this  distance  from  the  recorded 
time  Interval,  we  have  assumed  a constant  shock  wave 
velocity  and  a detonation  wave  with  no  curvature. 

Figure  7 shows  the  relative  positions  of  the 
detonation  front  and  the  front  of  the  shock  wave  In 
the  divergent  dark  wave  at  two  different  times,  where 
(I)  Is  the  moment  of  reinitiation  at  the  wall,  and  (2) 


the  containing  tube  wall.  RD:regular  detonation 
front,  S.'thoek  ware  front,  F-F . Inward-going  fattitre 
Hne,  R-R1 .'outward  going  failure  line. 
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is  after  the  two  detonations  have  propagated  some 
distance.  From  Fig.  7 we  may  predict,  because  of  the 
divergence  of  the  dark  wave,  that  the  detonation  to 
the  left  of  the  dark  wave  will  outrun  the  leftgoing 
shock  in  the  dark  region  and  will  create  a right-going 
shock  also  in  the  dark  region.  In  consequence,  we 
must  expect  our  “weak  reinitiation”  not  to  be  the 
locus  of  reinitiation  at  all  but  an  inward-going  failure 
of  the  detonation.  The  detonation  is  more  stable  at 
the  metal  wall  where  it  has  the  added  support  of  the 
ieft-going  shock  at  the  rear. 

In  spite  of  trying  a great  number  of  combinations 
of  brass  tube  diameters  and  groove  sizes,  we  were  not 
able  to  create  conditions  for  this  ‘‘weak  reinitiation” 
line  to  continue  all  the  way  to  the  axis  of  the  charge. 
Instead,  there  was  always  a transition  into  a strong 
reinitiation,  accompanied  by  the  strong  light  of  an 
overdriven  detonation.  In  several  of  the  records  this 
was  prccccdcd  by  the  narrow  zone  of  faint  light  indi- 
cating the  presence  of  a detonation  in  the  prccom- 
pressed  material  behind  the  shock  front  in  the 
dark  zone.  We  arc  led  to  assume  that  the  transition 
to  strong  reinitiation  is  a result  of  interaction 
between  the  inward-going  and  the  outward-going 
shock  waves  in  the  dark  region. 

A further  insight  into  the  nature  of  the  “weak 
reinitiation”  can  be  obtained  by  repeating  the  experi- 
ment of  Fig.  6 in  a larger  dimension  grooved  metal 
tube  using  acetone  diluted  nitromethane.  Fig.  8 
shows  an  end-on  streak  record  of  the  divergent  failure 
produced  in  16/84  weight  % acetonc/nitromethane 
by  a 2.5  mm  wide  and  2.5  mm  deep  groove  30  mm 
from  the  end  of  a 30  mm  inside  diameter  steel  tube. 
(The  tube  ends  in  a 60  mm  diameter  tube  filled  with 
the  same  mixture,  and,  as  in  Fig.  6,  the  detonation 
fails  completely  upon  leaving  the  30  mm  tube). 

We  notice  the  divergence  of  the  dark  zone  from 
the  wall  inwards,  as  in  neat  nitromethane.  We  also 
sec  from  the  wave  structure  that  the  locus  or  reinitia- 
tion is  along  the  wall  in  the  region  downstream  of  the 
dark  zone,  and  we  see  how  the  “weak  reinitiation”  i3 
in  fact  an  inward-going  failure  wave  of  the  same  kind 
as  the  outward-going  initial  failure  wave. 


CELLULAR  STRUCTURE  IN  LIQUIDS 

Figure  9 shows  a streak  camera  record  of  the  on- 
coming detonation  wave  in  19/81  weight  % acetone/ 


Fig.  8.  Streak  camera  record  of  divergent  dark  waves 
in  the  detonation  of  16/84  weigh t%  acetone/ 
nitromethane  in  a 30  mm  steel  tube  with  an  internal 
groove.  Initial  temperature  19°  C.  Shot  No.  12143. 


nitromethane  contained  in  a 20  X 80  mm  rectangular 
cross-section  4 mm  wall  thickness  brass  cuvet  of  200 
mm  length.  The  camera  looks  down  into  the  cuvet 
with  the  slit  parallcll  to  the  80-mm  sides  of  the  cuvet. 

The  width  of  the  cuvet  was  exactly  four  times  its 
thickness  in  order  to  facilitate  the  development  of  a 
regular  cellular  structure  by  interference  between 
waves  from  different  directions.  By  varying  the  initial 
temperature  or  the  acetone  content,  the  coarseness  of 
the  structure  could  be  varied  within  wide  limits.  In 
all  the  experiments  made,  however,  the  structure  was 
random  as  in  Fig.  9.  We  must  conclude  that  reflexion 
at  the  wall  plays  a less  important  role  in  liquids  than 
in  gases. 

We  see  in  Fig.  9 the  close  connection  between  the 
random  cellular  wave  structure  and  the  two  types  of 
dark  waves  discussed  previously.  We  can  follow  a 
dark  wave  across  the  width  of  the  cuvet  and  see  how 
it  changes  from  a convergent  character  to  a divergent 
and  back  again,  the  convergent  mode  being  accom- 
pained  by  the  intense  light  of  overdrive,  the  divergent 
mode  without  it. 

We  can  .rlso  see  many  examples  of  particularly 
bright  spots  of  light  indicating  overdriven  detona- 


Fig.  9.  Streak-camera  record  of  random  dark  waves 
or  cellular  structure  In  the  detonation  of 20.5/79,5 
weigh  t%  acetone/nitromethane  in  a rectangular  20  X 
80  mm  cross  section  brass  cuvet.  Initial  temperature 
12°  C.  Shot  No.  12156. 

tion*  where  two  dark  waves  coming  from  different 
directions  collide. 

We  finally  see  how  there  are  several  size  ranges 
of  wave  structure  overlapping  such  that  even  in  some 


of  the  overdrive  areas,  there  is  a fine  structure  of  very 
narrow  dark  waves,  closely  spaced  in  a fine  criss-cross 
network. 

All  this  is  evidence  that  interaction  between  lateral 
waves  and  chemical  reaction  plays  a vital  role  in  the 
propagation  of  detonation  in  diluted  nitromethane. 
The  simple  two-dimensional  model  of  the  process, 
with  two  sets  of  equally  strong  waves  Interacting  to 
geneate  cells  that  are  all  of  equal  size  as  described  by 
Urtiew  1975  (14),  is  a good  picture  to  start  out  from, 
but  the  3-dimensional  reality  is  a great  deal  more 
complex. 

The  fact  that  a disturbance  in  the  form  of  a short 
interruption  of  the  chemical  reaction  at  the  wave 
front  can  propagate  laterally  across  the  charge  is  in  it- 
self a sign  that  the  sonic  condition  of  the  Chapman- 
Jouget  theory,  c = D~up,  cannot  be  fulfilled.  If  such 
disturbances  exist  also  in  neat  nitromethane  then  we 
may  expect  that  the  sonic  condition  is  not  fulfilled 
there  cither. 

Wc  then  need  a new  theory  to  show  why  the 
detonation  velocity  in  liquids  in  such  a remarkably 
stable  parameter. 


DETONATION  LIGHT  PATTERNS  IN  POWDER 
AND  PLASTIC  EXPLOSIVES 

In  1927  Urbanski  (4)  reported  wave-like  dark-and- 
light  patterns  found  in  open  camera  photographs  of 
powder  and  plastic  mining  explosives  enclosed  in  glass 
tubes.  He  noted  that  these  patterns  were  sometimes 
of  a spiral  nature  and  suggested  a spiral  mode  of  pro- 
pagation of  the  detonation. 

In  repeating  his  experiments,  we  have  found  the 
wave  structure  to  be  strongly  dependent  on  the  tube 
material  and  its  mode  of  fracturing.  Fig.  10  shows 
open  camera  photos  of  the  same  powder  explosive, 
94,4/5.6  weights  ammonium  nitrate/fuel  oil  (ANFO), 
detonating  in  three  different  containers,  glass,  plexi- 
glass (PMMA),  and  0.04  mm  thick  mylar  surrounded 
by  water.  We  note  that  the  weakest  container,  and 
that  with  the  lowest  shock  impedance,  i.e.  the  thin 
mylar  surrounded  by  water,  gives  very  lit  tic  evidence 
of  a wave  pattern. 

An  important  part  of  the  explanation  of  the  pat- 
tern obtained  with  the  glass  container  is  seen  in  Fig. 
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a.  b.  c. 


Fig.  10.  Open  camera  photos  of  the  self-luminosity 
of  ANFO  at  density  900  kg/m3  and  charge  diameter 
30  mm  enclosed  in  a.  glass  tube  of  wall  thickness  3 
mm,  shot  No.  12200,  b.  plexiglass  tube  of  wall 
thickness  5 mm  surrounded  by  water,  shot  No.  121 94, 
c.  mylar  film  (40  pm)  surrounded  by  water,  shot  No. 
12195. 


1 la.  This  is  a Kcrr-ccll  picture  of  the  same  type  of 
glass  tube  filled  with  ANFO.  The  detonation  velocity 
of  ANFO  in  a 32  mm  i.d,  glass  tube  is  about  2.500  m / 
sec,  while  the  stress  wave  velocity  of  glass  is  around 
4.500  m/sec.  Obviously  the  glass  fractures  a long  way 
ahead  of  the  detonation  front.  This  leads  to  scattering 
of  the  detonation  light  and  also  to  an  irregular  expan- 
sion of  the  reaction  products.  We  suggest  that  this, 
rather  than  a spiral  detonation,  is  the  main  cause  of 
tnc  light  patterns  observed  by  Urbanski.  In  the  record 
of  the  mylar-encloscd  charge,  there  is  a faint  trace  of 
a criss-cross  pattern  that  could  possibly  be  evidence 
of  a lateral  wave  structure. 

As  a warning  against  the  use  of  glass  tubes  as  a 
containing  material  for  medium  detonation  velocity 
explosives  we  finally  show  a Kerr-cell  picture  (Fig. 

I lb)  of  10/90  weight%  acetone/nitromethane  detona- 


a.  b. 

Fig.  11.  Kerr-cell  camera  pictures  of  detonating 
30  mm  diameter  charges  a.  ANFO,  density  900 
kg/m3,  in  glass  tube  with  3 mm  wall  thickness, 
b.  10/90  weight%  acetone/nitromethane  in  glass 
tube  with  3 mm  wall  thickness. 


ting  in  a glass  tube.  Apparently,  the  stress  wave 
velocity  of  the  glass  is  higher  than  the  detonation 
velocity  in  this  case,  too,  and  the  glass  fractures  ahead 
of  the  detonation  front. 


CONCLUSIONS 

The  experiments  have  given  additional  support  to 
the  belief  that  there  exists  a fine-structure  of  lateral 
waves  in  the  detonation  front  of  neat  nitromethane. 
The  phenomenological  interrelation  between  such 
lateral  waves,  dark  waves,  failure  waves,  and  cellular 
structure  of  detonation  has  been  illustrated. 

The  presence  of  a cellular  structure  of  dark  waves 
at  the  detonation  front  indicates  that  the  sonic  condi- 
tion c = D -Up  of  the  Chapinan-Jouguet  theory  is  not 
fulfilled. 

No  strong  evidence  has  been  found  for  the  theory 
that  there  should  exist  a lateral  wave  structure  in  the 
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detonation  of  powder  and  plastic  explosives,  but  fur- 
ther studies  of  this  ought  to  be  made. 
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In  this  study  of  the  deflagration  to  detonation  transition  (DDT)  behavior  of  tetryl. 
results  are  reported  for  the  compaction  range  of  63-90%  theoretical  maximum 
density  (TMD)  for  coarse  (470p)  tetryl  and  46-85%  TMD  for  fine  (20p)  tetryl  Al- 
though all  tetryl  charges  below  85%  TMD  exhibited  a transition,  their  behavior  dif- 
fered from  that  found  in  earlier  studies  on  RDX  and  RDX/wax  in  two  ways:  (1)  the 
decomposition  products  formed  shortly  after  Ignition  had  such  a high  electrical 
resistance  that  ionization  probes  frequently  failed  to  respond  to  them  and  (2)  the 
onset  of  accelerated  burning  was  located  nearer  the  onset  of  detonation  than  the 
ignition  region.  Both  differences  are  attributed  to  the  low  temperature  decomposi- 
tion of  tetryl.  Coarse  and  fine  tetryl  both  showed  the  same  qualitative  effect  of 
compaction  on  predetonation  column  length  ( V,  « nearly  constant  ii  at  high  porosity 
with  increasing  values  as  the  % TMD  increases  above  75%.  At  the  same  density 
values,  the  fine  tetryl  had  a greater  K value  than  the  coarse  as  well  as  a longer  relative 
time  to  detonation. 


INTRODUCTION 

In  our  effort  to  elucidate  the  mechanism  of  the 
deflagration  to  detonation  transition  (DDT)  in 
porous,  granular  explosives,  we  first  studied  9 1 /9 
RDX/wax.  A physical  model  was  proposed  for  the 
transitions  observed  in  this  explosive  (1);  the  model’s 
first  necessary  condition  for  such  a transition  was  a 
rapid  pressure  buildup  in  the  ignition  region.  Because 
the  behavior  of  a mixture  rather  than  a pure  com- 
pound provided  the  basis  for  our  model,  it  seemed 
desirable  to  see  how  widely  applicable  the  model  is  - 
in  particular,  how  applicable  it  is  to  neat  explosives. 
We  have  now  studied  six  different  pure  explosives  at 
various  compactions,  and  have  started  an  investiga- 
tion of  the  effect  of  particle  size  on  DDT.  Both 
charge  permeability  and  reactive  surface  area  are 
determined  by  particle  size  and  compaction;  more- 
over, both  are  obviously  important  factors  in  any 
burning  process  and  hence  to  a resultant  pressure 
buildup  and  subsequent  transition  to  detonation. 


This  paper  presents  the  results  of  the  study  of  fine 
(20p)  and  coarse  (470/u)  tetryl.  Tetryl  does  not  con- 
form to  the  original  model  ( 1 ) in  that  its  rapid  pressure 
buildup  occurs  nearer  to  the  site  of  detonation  onset 
than  to  the  ignition  region.  It  also  shows  other  un- 
common explosive  behavior  which  seems  best  ex- 
plained in  terms  of  its  chemistry  cf  decomposition. 

EXPERIMENTAL  ARRANGEMENT 
AND  PROCEDURE 

The  experimental  setup  and  procedures  have  been 
described  in  detail  elsewhere  (1,2).  A schematic  of 
the  arrangement  is  shown  in  Fig.  1 . It  consists  of  a 
seamless  steel  tube  with  heavy  end  closures.  The 
column  length  of  the  0.35  g of  25/75  B/KNOj  ignitor 
is  6.3  mm;  the  length  of  the  explosive  column  is 
295.4  mm. 

Coarse  tetryl  with  an  average  particle  size  l ~ 
470p  is  from  a commercial  lot  satisfying  the  military 
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specifications.  The  20/a  tetryl  was  prepared  from  the 
coarse  by  a turbulent  mixing  of  its  acetone  solution 
with  water  to  form  a very  fine  grained  precipitate. 

The  DDT  tube  is  instrumented  with  ionization 
probes  and  strain  gages  to  monitor  ionization  fronts 
and  internal  pressure,  respectively.  For  brevity, 
henceforth  ionization  probes  will  be  referred  to  as 
probes;  strain  gages,  as  gages.  As  before  ( I ),  both 
custom-made  and  commercial  probes  arc  used; 
distance-time  (x-t)  data  from  each  are  distinguished 
on  the  graphs.  The  number  of  gage  locations  for 
monitoring  internal  pressure  is  now  an  average  of  four 
or  five  per  tube.  The  gage  output  is  repotted  in  strain 
(e)  or  microstrain  (pc).  In  a static  calibration  of  the 
tube,  the  gradient  is  1 12  /te/kbar  up  to  the  clastic 
limit  at  2.2  kbar.  From  2 to  4.7  kbar,  the  microstrain 
increases  from  225  to  788. 

One  difference  in  procedure  from  that  reported  in 
reference  ( 1 ) is  in  the  determination  of  the  predeto- 
nation  column  length,  8.  In  the  case  of  9 1/9  RDX/ 
wax,  it  was  possible  to  use  the  intersection  of  the 
postconvcctive  wave  front  with  the  extrapolated 
detonation  front  to  locate  8 in  the  x-t  plane;  the 
value  was  confirmed  by  that  obtained  from  tube  frag- 
ments. Here,  and,  in  general  for  HE  other  than  91/9 
RDX/wax,  8 is  more  reliably  determined  from  mark- 
ings on  the  tube  fragments;  it  is  checked  for  consis- 
tency with  the  probe  and  gage  records  in  the  x-t 
plane.  Unless  otherwise  indicated,  8 values  arc  meas- 
ured to  ±3  mm. 


EXPERIMENTAL  RESULTS  AND 
DISCUSSIONS 

Tetryl  1 

Tetryl,  N-methyl-N-nitro-2,  4,  6-lrinitroaniline 
CH3N|C6H2  (N02>3|  N02  or  C7H5N5O8,  was 
originally  chosen  for  study  because  it  is  one  of  the 
relatively  few  neat  explosives  commercially  available 
as  well  as  being  a widely  used  military  explosive. 
Utilizing  instrumentation  and  techniques  developed 
in  previous  DDT  studies,  we  rapidly  found  that  the 
behavior  of  tetryl  in  our  setup  differed  from  that  of 
other  HE  we  have  studied.  First,  rapid  pressure  build- 
up occurred  nearer  the  point  of  onset  of  detonation 
than  the  ignition  area.  Second,  in  the  case  of  very 
porous  charges,  early  decomposition  seemed  to  be 
associated  with  such  high  electrical  resistance  that 


Fig.  I.  Cross  section  of  DDT  tube.  /A  - ignitor  bolt; 

B - ignitor;  C ■ ignitor/explosive  interface;  D - strain 
gages;  E - ionization  probe  location;  F - explosive 
charge;  G • tube;  H - bottom  closure,  inner  diameter  ~ 
16. 3 mm,  oute>'  diameter  - 50.8  mm.  Distance  from 
ignitor / explosive  Interface  to  bottom  closure  = 295.4 
mm.) 


our  probes  did  not  register  the  reaction.  Hence  we 
had  difficulty  in  triggering  the  oscilloscopes  to  follow 
early  reaction  as  well  as  inadequate  guidance  about 
where  to  place  our  gages  to  obtain  useful  strain  time 
(e-t)  records.  In  addition,  almost  all  e-t  records  were 
much  more  difficult  to  read  and  interpret;  they  con- 
tained many  more  perturbations  that  could  cause 
ambiguity  in  interpretation  than  the  records  we  have 
been  obtaining  over  the  last  five  years.  Under  these 
circumstances,  our  knowledge  of  the  DDT  behavior 
of  tetryl  has  been  built  up  from  studying  many  rec- 
ords, most  of  which  supplied  incomplete  information. 
Only  two  of  the  most  complete  sets  of  records  will  be 
reproduced  here;  the  remainder  will  be  found  in 
reference  (3). 

Figure  2 presents  the  data  for  coarse  tetryl  com- 
pacted to  85.0%  theoretical  maximum  density 
(TMD);  Fig.  3,  those  for  fine  tetryl  compacted  to 
76.6%  TMD.  Each  figure  is  a composite  with  (a) 
distance-time  data  and  (b)  strain-time  data.  Fig.  2a 
shows  that  the  first  front  detected  in  this  shot  was  a 
compressive  front  travelling  at  1 .25  mm/psec,  about 
the  sound  velocity  for  this  density  of  coarse  tetryl 
(4).  In  other  words,  this  front  is  the  first  compressive 
front  that  in  other  materials  is  called  the  postconvec- 
tive  wave;  here  it  is  the  result  of  a confined  burning 
which  produces  only  a mild  linear  increase  in  pressure 
with  time  (see  Fig.  2b).  The  front  must  have  been 
preceded  by  some  flow  of  product  gases  from  the 
ignitor  and  the  burning  tetryl,  but  such  gases  were 
evidently  of  too  low  a temperature  to  cause  a probe 
response.  Instead,  the  probes  responded  about  10 
/tsec  after  the  passage  of  the  pressure  front;  their  re- 
sponse was  presumably  to  a pressure-induced  electrical 
conductivity. 
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Although  the  initial  compressive  wave  appears  to 
originate  near  the  ignition  area,  as  it  does  in  other 
studies,  it  does  not  mark  the  beginning  of  an  accelera- 
ted burning  (Fig.  2b  will  make  this  clearer),  and 
hence  does  not  seem  to  lead  directly  to  the  produc- 
tion of  a shock  necessary  for  the  shock  to  detonation 
transition  (SDT)  that  terminates  each  deflagration  to 
detonation  transition  (DDT).  On  the  other  hand, 
some  event  has  occurred  at  about  x = 87  mm,  and  it 
has  created  compressive  fronts  travelling  both  for- 
ward and  backward  at  about  2 mm/psec.  The  former 
front  is  followed  within  10  jrsec  by  an  extremely 
accelerated  burning  and  hence  may  weli  contribute 


to  shock  formation  and  subsequent  onset  of  detona- 
tion at  x = ii  = 153  mm. 

Figure  2b  contains  the  strain-time  curves  produced 
by  the  five  gages  at  the  tube  locations  shown.  The 
third  and  fourth  gages  produce  similar,  information 
curves.  For  that  at  105  mm,  we  have  a period  of  mild 
burning  (linear  increase  of  e with  t)  BG;  it  is  followed 
by  a second  interval  of  slightly  faster  but  still  mild 
pressure  increase  GJ;  that  in  turn  is  followed  by 
greatly  accelerated  burning  beyond  J.  The  first  two 
gages  might  have  shown  a similar  initial  pattern  if  the 
oscilloscopes  had  been  triggered  earlier,  but  the  onset 


Fig.  3.  Data  for  shot  HI  3 on  20p  tetryl  at  76.6%  TMD,  p0  * 1.33  g/cc.  a.  Space-time  plot  (key  of  Figure  2a); 
b.  Strain- time  plots  ( key  of  Figure  2b). 


of  accelerated  burning  conies  much  later,  c.g.,  point 
D on  the  e-t  curve  of  the  first  gage  (x  -•  20  mm) 
occurs  after  detonation  lias  begun  at  x = 153  mm. 

The  gage  records  were  used  to  construct  isobars  in 
the  clastic  runge  of  the  DDT  tube  (50-250  pe).  As  in 
the  case  of  9 1/9  RDX/wax,  the  x-t  isobars,  construc- 
ted from  e-t  curves  produced  by  the  third  and  fourth 
gage,  coalesced  when  extrapolated.  However,  the 
point  of  coalescence  was  125  mm,  75.4  psec\  it  is 
marked  by  a diamond  on  Fig.  2a.  Hence,  although 
isobars  formed  near  the  ignition  region  might  coalesce 
into  a shock,  the  coalescence  appears  in  this  case  too 
late  to  effect  cither  detonation  or  the  event  at  x * 87 
mm.  It  should  be  kept  in  mind  that  tiicse  arc  isobars 
associated  with  the  1 .25  mm//isec  compressive  front. 
They  were  examined,  in  part,  as  a possible  source  of 
shock  that  could  lead  to  the  accelerated  burning  ob- 
served at  x * 87  mm.  The  regions  beyond  F and  G in 
Fig.  2b,  where  accelerated  buildup  of  pressure  occurs 
and  would  be  expected  to  produce  shock  formation, 
were  not  similarly  examined  because  they  were  at 
pressures  greater  than  the  elastic  limit  of  our  tube. 


Seven  other  shots  were  mado  on  the  coarse  tetryl 
over  the  range  of  63-90%  TMD.  Table  1 gives  sum- 
mary data;  the  records  appear  in  reference  (3),  For 
Shots  513  and  612,  incomplete  data  permitted  the 
estimate  of  a predetonation  event  such  as  that  shown 
in  Fig.  2b  for  Shot  613;  the  estimates  appear  in  Table 
1.  In  addition  to  Shot  613,  the  coalescence  of  isobars 
was  examined  for  four  other  shots.  Coalescence 
occurred  in  three  cases,  but  did  not  in  any  case  seem 
the  likely  starting  point  for  the  initiating  shock  in  an 
SDT.  Hence  the  immediate  cause  of  the  transition 
seems  to  be  that  event  at  x 3 87  mm  which  we  will 
now  call  the  explosive  event,  A second  weak  com- 
pressive front,  not  associated  with  an  explosive  event, 
was  observed  in  two  cases  (Shots  602  and  504);  it 
inay  be  the  result  of  the  unusual  decomposition  pro- 
cesses of  tetryl  that  will  be  described  later.  The 
other  three  velocities  listed  in  Table  1,  under  “second 
compressive  front’’  are  those  associated  with  an  ex- 
plosive event. 

Figure  3 shows  the  data  for  one  of  the  most  inform- 
ative shots  on  fine  tetryl.  In  this  case,  the  initial 
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TABLE  1 


Summary  of  Shots  on  Coarse  Tctryl 


Shot 

No. 

Po 

g/cc 

% 

TMD 

Front  Velocity,  mm//jsec 

Predct. 

column 

length 

C,  mmb 

Event 

site 

xc 

mm 

*£ 

ft 

Det. 

time 

A/41 

Usee 

' | 

2nd 

Com- 

press. 

Det- 

ona- 

tion 

602 

1.55 

89,5 

' 

0.9 

2.4 

F 



_ 





504 

1.48 

85.5 

0.4 

d 

1.4 

7.26 

207 

... 

279 

613 

1.47 

85.0 

— 

1.2 

2.0 

7.29 

153 

87 

.57 

75 

513 

1.40 

81.0 

— 

1.3 

-1.6 

7.22 

118 

71° 

.60 

77 

604 

1.29 

74.6 

-- 

~1.0 

— 

6.65 

68 

-• 

— 

18 

506 

1.21 

70.1 

0.7C 

d 

— 

6.41 

64 

- 

24 

612 

1.20 

69.5 

— 

0.8 

— 

6.34 

67 

50c 

.75 

17 

607 

1.09 

63.2 

0.2 

1.3 

-3.2 

5.82 

75 



J 

- 

56 

a.  Whenever  observed,  this  was  first  front, 
h.  Values  to  t 3mm. 

c.  Despite  relatively  high  velocity,  pressure  registered  seemed  too  low  for  compressive  front. 

d.  Record  inadequate  to  give  value. 

e.  Approximated  from  sparse  datu. 


chaige  was  76.6%  TMD,  and,  as  before,  the  x-t  plot 
and  the  e-t  plots  appear  in  parts  a and  b,  respectively. 
The  information  front  the  shot  on  fine  tctryl  parallels 
that  from  the  coarse:  the  first  observed  front  is  again 
compressive  (at  1.1  mm/^sec);  it,  in  turn,  creates  a 
following  ionic  front.  Again  the  extrapolated  low 
pressure  isobars  from  the  ignition  region  coalesce,  but 
too  late  to  initiate  the  detonation  or  to  cause  the  ex- 
plosive event.  Finally,  an  explosive  event  occurs  near 
the  onset  of  detonation  (here  at  x = 1 22  mm  while 
ft  = 158  mm);  the  event  seems  to  lead  to  the  onset  of 
detonation  as  well  as  to  send  a compressive  disturb- 
ance back  into  the  burning  explosive,  and  again  the 
forward  moving  compressive  front  marks  the  begin- 
ning of  accelerated  burning.  Thus  the  disturbance 
from  the  explosive  event  resembles  the  poitconvec- 
tive  wave  in  other  explosives  undergoing  transition 
much  more  closely  than  does  the  first  compressive 
wave  observed. 

Table  2 contains  the  summary  of  shots  on  the  fine 
tctryl;  the  records  appear  in  reference  (3).  Three  sets 
of  records  in  addition  to  those  of  Fig.  3 contained 
enough  data  to  locate  the  explosive  event  approxi- 
mately. Although  there  was  still  difficulty  in  obtain- 
ing probe  response  to  the  initial  reaction  front,  the 
response  was  much  better  in  the  fine  than  in  the 


coarse  tctryl.  Thus  Table  2 shows  that  the  convective 
front  was  observed  in  over  half  the  shots;'the  custom- 
made  probes  were  used  for  triggering.  In  addition  to 
Shot  813  (Fig.  3),  Shots  1004,  815,  and  1007  were 
analyzed  for  convergence  of  isobars;  no  convergence 
was  found.  This,  in  addition  to  the  negative  results 
observed  on  the  coarse  tctryl,  strongly  indicates  that 
the  compressive  waves  formed  by  the  initial  burning 
of  the  tctryl  in  the  ignition  area  do  not  contribute 
directly  to  the  onset  of  detonation  or  to  the  appear- 
ance of  the  explosive  event. 

For  burning  tctryl  we  have  found  the  following 
patterns  of  reaction:  a linear  e-t  rise,  followed  by  a 
slightly  faster  linear  e-t  rise,  followed  by  an  accelera- 
ting strain  increase.  Despite  high  electrical  resistance 
of  the  initial  reaction  front,  decomposition  does  start 
in  the  ignition  area  as  would  be  expected.  It  pro- 
duces sufficient  gas  to  create  a compressive  front,  but 
one  which  shows  only  a linear  increase  of  e with  t fol- 
lowed by  a second  period  of  linear  increase  that  was 
absent  in  other  HE  studied.  These  patterns  could  be 
produced  by  a multistage  decomposition  mechanism. 

Tetryl  begins  to  decompose  at  a relatively  low 
temperature;  its  decomposition  at  140-160°C  and  up 
to  20-25  atm  pressure  of  gas  products  has  been 
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TABLE  2 


Summary  of  Shots  on  Fine  Tetryl 


Shot 

No. 

Po 

g/cc 

% 

TMD 

1 

Front  Velocity,  mm/psec 

Fredet. 

Column 

Length 

8,  mmb 

Event 

site 

xo 

mm 

1 

Det. 

time 

psec 

Con- 

vect- 

ive.3 

Com- 

press- 

ive 

2nd 

Com- 

press. 

Det- 

ona- 

tion 

713 

Ka 

85.4 

0.6 

. 



F 

_ 

_ 

_ 

_ 

1117 

HI 

83.4 

— 

1.1,- 

~ 

b 

583d 

— 

560 

104 

RH 

77.8 

— 

0.9,- 

— 

b 

259 

— 

— 

220 

813 

m 

76.6 

- 

1.05,- 

2.0 

6.26 

158 

124 

.78 

101 

807 

1.29 

74.5 

0.3 

1.4,0.8f 

-1.1 

~6.3C 

20C±7 

158* 

.79 

170 

81S 

1.21 

70.1 

— 

1.9,0.9f 

-3.0 

6.34 

201 

131* 

.65 

139 

1007 

1.17 

67.7 

0.2 

1.4,  l.lf 

—1.4 

5.86 

175 

142* 

.81 

137 

1311 

1.09 

63.0 

0.2 

-.0.6 

- 

— 4.6C 

237 

— 

317 

1111 

1.02 

0.3 

1.8, 0.8* 

— 

5.55 

190 

— 

225 

1312 

0.87 

0.5 

1.1, 0.6f 

— 

5.21 

196 

— 

269 

1208 

0.79 

45.8 

0.3 

1.4,0.6f 

- 

5.13 

147 

- 

228 

a.  Whenever  observed,  this  was  first  front. 

b.  Values  of  i3mm,  unless  otherwise  indicated. 

c.  Insufficient  data. 

d.  Double  length,  coupled  tube. 

c.  Estimated  from  inadequate  data. 

f.  Compressive  front  starts  near  ignition  area  and  changes  slope  after  overtaking  convective  front.  Second 
velocity  that  of  compressive  front  after  change  or  of  the  associated  ionization  front. 


studied  in  some  detail  (S,  6).  Dubovitskii  and  his 
colleagues  found  that  within  this  temperature  range, 
"the  decomposition  proceeds  via  three  parallel  routes” 
with  the  respective  solid  products  of  picric  acid  (PA), 
2, 4, 6-trinitroanisole,  and  N-methyl-2, 4,  6- 
trinitroanilinc.  Of  these,  picric  acid  was  shown  to 
catalyze  the  slow  decomposition- -indeed,  to  account 
quantitatively  for  the  self-acceleration.  The  gaseous 
products  were  also  analyzed  (e.g„  chiefly  NO2  at  18% 
decomposition),  and  the  effect  of  the  ratio  (mass  of 
explosive/volume  of  container,  m/V)  examined.  In 
general,  the  higher  m/V  (and  the  gas  pressure  to 
which  it  is  proportional)  the  greater  the  rate  of 
decomposition.  In  fact,  earlier  investigators  were  re- 
ported to  have  observed  a critical  value  of  this  variable 
at  which  slow  decomposition  changed  to  explosion. 

The  supplementary  information  on  tetryl  decom- 
position justifies  assuming  a multi-stage  decomposi- 
tion. For  example,  very  slow  decomposition  to  picric 
acid,  C6H2(N02)30H,  and  NO2  followed  by  a much 
more  rapid,  high  pressure  decomposition.  In  the  first 


stage  reaction,  temperature  is  low  and  products  non- 
ionic; hence  our  difficulty  in  response  of  the  ioniza- 
tion probes.  The  postulated  second  stage  should  lead 
to  a very  rapid  pressure  rise  and  what  we  have  so  far 
called  an  explosive  event. 

A more  detailed  examination  of  Figs.  2 and  3 
shows  that  the  strain  gage  nearest  the  location  of  the 
event  is  in  each  case  the  third  from  th  ignition  end  of 
the  tube,  and  that  at  the  time  (F)  that  the  e-t  curve 
shows  a marked  increase  in  slope  (from  about  10  to 
about  70  pe/psec),  the  strain  corresponds  to  about 
400  ye  or  3 1/4  kbar.  Seven  microseconds  later,  the 
strain  is  about  900  tie.  In  other  words,  an  accelerated 
burning  seems  to  start  at  the  location  of  the  “explosive 
event”. 

When  the  output  of  the  third  gage  indicated  3 1 /4 
kbar,  those  of  the  first  and  second  gages  were  400  pe 
or  somewhat  greater.  Although  these  outputs  are  still 
within  the  range  of  the  static  calibration,  they  are  be- 
yond the  level  at  which  the  tube  behaves  elastically. 
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Moreover,  the  gages  record  total  stress,  not  just 
internal  gas  pressure.  (The  velocity  data  have  indi- 
cated compaction  near  the  ignition  area,  and  that 
could  affect  stress  transmission  to  the  tube.)  We  have 
not  yet  any  data  on  the  effect  of  gage  location  or  of 
lag  in  gage  response  on  the  observed  output.  In  view 
of  these  uncertainties,  we  suggest  that  the  location  of 
the  explosive  event  is  at  that  point  where  the  gas 
pressure  and  burning  surface  area  become  critical  for 
a runaway  reaction;  that  this  happens  to  be  nearer  the 
point  of  onset  of  detonation  than  to  the  ignition  area 
is  merely  because  of  the  complexity  of  the 
tetryl  decomposition,  and  its  difference  from  that 
of  other  HE  in  being  able  to  sustain  low-temperature 
decomposition.  Once  accelerated  burning  starts  at 
the  location  of  the  event,  it  can  travel  in  both  direc- 
tions. Tetryl  in  the  ignition  end  of  the  tube  would 
have  been  undergoing  only  a slow  decomposition  for 
a time  of  the  order  of  magnitude  of  a millisecond. 
Hence,  very  little  of  the  tetryl  should  be  decomposed 
prior  to  the  beginning  of  accelerated  burning.  Once 
accelerated  burning  began,  however,  it  could  rapidly 
lead  to  shock  formation  and  initiation  of  detonation 
in  cither  direction.  Although  tube  fragmentation, 
indicating  onset  of  detonation,  was  not  found  in  the 
ignition  end  of  the  tube,  the  fragments  from  this  part 
of  the  tube  were  smaller  than  those  recovered  from 
other  explosives  (physically  comparable  charges) 
which  showed  accelerated  burning  starting  near  the 
ignition  region  instead  of  traveling  back  into  it. 

Korotkov  and  coworkers  (7)  have,  from  optical 
observation  of  DDT  in  porous  PETN,  suggested  “the 
explosion  of  a limited  volume  of  the  explosive”  as  a 
source  of  the  initiating  shock  wave.  We  do  not  be- 
lieve that  our  explosive  event  is  a thermal  explosion  of 
an  appreciable  quantity  or  tetryl  because  the  pressure 
records  do  not  show  the  sharp  rise  to  be  expected  for 
such  an  occurrence.  Instead,  as  explained  above,  they 
suggest  the  start  of  an  accelerated  burning  that  leads 
to  shock  formation  and  subsequent  detonation  as  it 
does  in  the  model. 

There  is  no  discernable  pattern  with  increasing 
initial  charge  density  of  the  velocities  of  either  the 
convective  or  the  first  compressive  front.  Each  could 
be  represented  by  an  average  value  with  large  scatter 
at  individual  points  within  the  range  covered.  Nor 
does  there  seem  to  be  a detectable  difference  in  these 
velocities  caused  by  the  particle  size  of  the  tetryl. 


The  detonation  velocities  of  Tables  1 and  2 that 
have  been  determined  from  three  or  more  probe  re- 
sponses fit  the  relation 

Dfmm/pscc)  = 2.036  + 3.400  p^{gjcc)  (1) 

to  within  6 % or  less.  Equation  ( 1 ) is  the  straight  line 
between  the  value  of  7.17  mm/psec  for  tetryl  ai  1.51 
glee  (8)  and  the  value  7.85  mm/psec  at  1.71  gjee  (9). 
The  agreement  is  quite  adequate  to  show  that  steady 
state  detonation  has  been  achieved. 

Relative  time  to  detonation  (A/)  is  also  listed  in 
Tables  1 and  2;  it  is  relative  to  the  discharge  of  a 
probe  at  41  mm  and  one  at  60  mm,  respectively.  It 
is  not  surprising  that  the  trend  of  A / with  compaction 
seems  a bit  erratic  in  view  of  the  difficulties  we  ex- 
perienced with  probe  response.  The  A/4  \ for  coarse 
tetryl  is  appreciably  less  than  A/fio  for  fine.  Since  the 
different  starting  points  would  be  expected  to  have 
the  opposite  effect,  we  can  assume  the  difference  is 
real  unless  the  values  of  Table  1 have  been  excessively 
shortened  by  lack  of  probe  response  to  the  convective 
front.  The  A t ol  both  tables  show  an  increase  with 
increased  compaction;  this  trend  is  the  opposite  of 
that  observed  for  91/9  RDX/wax  (10).  Moreover,  at 
70%  TMD,  A t of  fine  tetryl  is  comparable  to  that  of 
94/6  RDX/wax  and  less  than  that  of  the  91/9  mix 
whereas  Lt  of  coarse  tetryl  is  somewhat  less  than  that 
of  97/3  RDX/-wax.  In  fact,  both  fc  and  A/4i  of  470p 
tetryl  at  70%  TMD  are  very  close  to  those  found  for 
Class  E RDX  also  at  70%  TMD  (1 1). 

The  predetonation  column  length  ( plotted  as  a 
function  of  compaction  in  Fig.  4.  A >ut  75% 

TMD  and  less,  i seems  to  remain  essentially  constant 
down  to  as  porous  a charge  as  can  be  prepared  and 
handled.  As  the  compaction  increases  above  75% 
TMD,  £ also  increases  and,  in  the  case  of  fine  tetryl, 
increases  very  sharply.  In  contrast  to  91/9  RDX/wax, 
there  seems  to  be  no  well  defined  minimum  in  £.  In 
fact,  the  sharp  rise  of  C with  increased  compaction 
suggests  that  decreased  permeability  hinders  DDT  in 
tetryl  to  a far  greater  extent  than  it  does  in  91/9  RDX 
(200^)/wax  which  exhibits  transition  at  all  compac- 
tions up  to  and  including  97%  TMD  (11).  At  all  com- 
pactions £(20m  tetryl)  > £(470/j  tetryl).  This  particle 
size  effect  is  in  the  same  direction  as  that  reported  by 
Calzia  ( 1 2)  for  RDX.  If  as  we  have  assumed,  the  ex- 
plosive event  is  directly  responsible  for  the  onset  of 
detonation,  there  should  be  a close  dependence 
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%TMD 


Fig.  4.  Effect  of  compaction  on  predetonation 
column  length  of  tetryl.  (o  20p,  o 4 70pj. 


between  the  location  of  the  event  (xc)  and  £.  Figs.  2 
and  3 give  xc/£  values  of  0.6  (coarse)  and  0.8  (fine). 
Using  more  limited  gage  data  to  approximate  xc  on 
other  shots,  we  have  one  value  (of  two)  »hat  checks 
the  former;  two  (of  three)  for  the  latter. 

The  literature  provides  only  fragmentary  data  on 
the  transitional  behavior  of  tetryl  (13-15).  If  it  is 
assumed  that  the  literature  reports  are  for  a coi.rse 
tetryl  comparable  to  that  used  here,  there  are  no 
oovious  inconsistencies  between  the  present  data  and 
those  of  earlier  work.  On  the  contrary,  there  is  fair 
agreement  between  £ values  and  front  velocities  (3). 

Because  of  the  difficulty  we  encountered  with 
probe  response  in  the  coarse,  porous  tetryl,  we  have 
started  a study  of  the  electrical  resistance  of  the  com- 
mercial probe  when  it  is  in  a burning  porous  bed  con- 
tained in  an  open  ended  tubr  We  found  that  with 
porous  91/9  RDX/wax,  PET  tv  and  TNTV  the  probe 
resistance  dropped  from  a high  value  to  less  than  100 
ohms  in  one  Msec  or  less  (16).  Cast  TNT  showed  the 
same  drop  in  24  Msec  whereas  our  porous  ignitor 
mixture  (25/75  C/KNO3)  and  porous  coarse  tetryl  re- 
quired more  than  20  Msec  for  the  same  decrease  in 


resistance.  Thus  tetryl  burns  initially  more  like  our 
ignitor  mixture  than  a typical  HE. 

It  is  of  interest  that  Dremin  and  coworkers  (17) 
investigated  changes  in  the  electrical  conductivity 
of  porous  tetryl  and  porous  TNT  when  shocked  at 
intensities  of  8-25  kbar.  For  the  lower  amplitude, 
TNT  reached  a resistance  below  100  ohms  in  8-10 
Msec  whereas  tetryl  had  exhibited  no  significant  con- 
ductivity al  ter  15  psec.  If  we  assume  the  shock 
initiation  mechanism  is  thermal,  these  results  should 
parallel  those  found  above  with  an  ignitor,  as  they 
do. 

Finally,  we  should  like  to  present  the  results  for 
two  shots  on  97/3,  tetryl  (470M)/wax.  Earlier  work 
on  RDX  showed  that  addition  of  wax  slowed  down 
and  stretched  out  the  DDT  process.  Thus  for  70% 
TMD  Class  A RDX,  £ = 40-45  mm  (1 1),  and  for  70% 
TMD  97/3  RDX  (Class  A)/wax,  £ = 95  mm  (1). 

Hence  3%  wax  was  added  to  tetryl  (470m)  in  the  hope 
of  obtaining  better  resolution  of  the  transition  pro- 
cess. Two  shots  were  made  at  66.5%  TMD;  the  more 
complete  set  of  records  is  shown  in  Fig.  5.  The  in- 
crease in  £ was  from  about  70  mm  (Fig.  4)  to  238  mm 
and  248  mm,  a much  greater  increase  than  the  2-fold 
one  observed  for  RDX.  The  corresponding  increase 
in  A?4i  was  from  18-56  psec  to  416  Msec. 

Even  more  interesting  than  the  effect  of  3%  wax 
on  £ and  At^i  is  its  apparent  ability  to  change  the 
initial  low  temperature  decomposition  of  tetryl  into 
one  more  typical  of  other  explosives.  Although  selec- 
tion of  the  compressive  front(s)  from  Fig.  5b  may  be 
difficult,  there  seems  little  doubt  that  their  origin  is 
nearer  the  ignition  .egion  than  the  onset  of  detona- 
tion (see  Fig.  5a).  Moreover,  low  pressure  isobars 
from  records  of  the  third  and  fourth  gage  extrapolate 
to  show  a fair  coalescence  at  a location  (Fig.  5a)  at 
which  the  shock  could  be  a factor  in  SDT.  In  other 
words,  97/3  tetryl/wax  appears  to  conform  to  the 
physical  model  of  DDT  (1)  although  unwaxed  tetryl 
does  not.  Fuuher  work  on  waxed  tetryl  will,  of 
course,  be  necessary  to  substantiate  this  result.  It 
should  also  be  mentioned  at  this  point  that  we  have 
succeeded  in  resolving  the  PC  front  in  one  shot  on 
pure  RDX.  There  seems  to  be  no  difference  in 
mechanism  between  the  waxed  and  unwaxed  RDX. 

Another  feature  of  interest  in  Fig.  5a  is  the  initially 
high  velocity  (~1.5  mm/Msec)  of  the  compressive 
front,  followed  by  the  lower  velocity  (0.64  mm/Msec) 
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/'7?.  5.  Data  for  shot  1310  on  97/3  tetryi  (470p)/wax 
at  66.5%  TMD,  p0  - 1.17  g/cc.  a.  Distance-time  plot 
(key  of  Figure  2a);  h.  Strain- time  plots  ( key  of 
Figure  2b). 


to  be  expected  as  the  sound  velocity  in  this  high 
porosity  charge.  It  therefore  appears  that  some  com- 
paction of  the  charge  occurs  near  the  ignition  area  as 
a result  of  the  moderate  pressurization  necessary  for 
formation  of  the  convective  front.  The  compressive 
front  that  is  subsequently  formed,  as  the  result  of 
post-ignition  but  slow  burning,  travels  through  the 
compressed  explosive  rapidly.  When  it  emerges  into 
explosive  which  has  not  yet  been  compressed,  its  rate 
drops  to  that  to  be  expected  at  the  original  compaction. 

This  phenomenon  is  not  unique  to  waxed  tetryi. 
We  found  evidence  that  it  occurred  in  90%  of  the 
shot  records  of  One,  high  porosity  (>25%)  tetryi. 

(See  Figs.  B1 1-B17  of  reference  (3)). 

CONCLUSIONS 

1 .  Tetryi  decomposition  in  the  DDT  tube  appears 
to  start  at  a relatively  low  temperature.  It  progresses 


slowly  for  some  time  at  a lower  temperature  than 
that  of  the  initial  decomposition  of  other  explosives 
studied. 

2.  The  initial  slow  decomposition  replaces  the 
convective  front  of  the  91/9  RDX/wax  model  with  a 
gas  front  that  is  not  always  detectable  by  ionization 
probes.  However,  it  causes  a linear  increase  of  pres- 
sure with  time,  and  aiso  causes  compression  of  the 
very  porous  charges. 

3.  Accelerated  burning  begins  at  a location  xc, 
closer  to  the  onset  of  detonation  than  to  the  ignition 
region.  Compressive  waves  are  sent  out  in  both  direc- 
tions from  xe.  The  forward  traveling  wave  corre- 
sponds to  the  postconvective  wave  in  the  earlier  model 
in  that  it  marks  the  onset  of  accelerated  burning 
shortly  after  its  passage. 

4.  The  curve,  predetonation  column  length  versus 
% TMD  of  tetryi,  shows  no  well  defined  minimum  as 
did  that  of  91/9  RDX/wax.  In  fact,  II  decreases  with 
compaction  to  75%  TMD,  and  remains  nearly  constant 
as  the  porosity  increases  above  25%. 

5.  Larger  particle  size  shortens  1!  (and  apparently 
At)  for  tetryi. 

6.  Addition  of  a small  amount  (3%)  of  wax  has  a 
greater  effect  on  the  DDT  behavior  of  tetryi  than 
that  of  RDX.  In  particular,  the  waxed  tetryi  appears 
to  follow  the  DDT  model  typical  of  other  explosives, 
but  not  of  pure  tetryi. 
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The  performance  of  explosives  containing  ammonium  nitrate  (AN)  has  been  im- 
proved by  combining  AN  with  either  methylammonium  nitrate  (MAN)  or 
ethyknediamine  dinitrate  (HDD)  in  the  eutectic  and  other  ratios  by  cosolidifica- 
tion techniques.  Confined  small-scale  ( 9.65mm ) dent  and  detonation  velocity 
tests  were  conducted  on  these  compositions  and  combined  with  RDX.  Depths  of 
dents  for  some  compositions,  containing  up  to  40  weight  percent  AN,  were  com- 
parable to  those  for  Composition  B.  Cylinder  tests  at  101.6  mm  explosive  diameter 
were  done  for  RDX/ AN/MAN,  40/60/0, 40/45/15,  40/30/30  and  for  RDX /TNT/ 
AN,  60/40/0,  40/40/20,  20/40/40.  Cylinder  wall  kinetic  energy  for  RDX/ 'AN/ 
MAN,  40/30/30  was  95%  of  the  Composition  B value.  Results  were  compared  with 
predictions  based  on  the  BKW  equation  of  state  and  Chap  man- Jouguet  theory  to 
show  that  the  improved  performance  corresponded  to  a move  toward  ideal  explo- 
sive behavior.  'This  move  was  related  to  an  increase  in  AN  contribution  by  solving 
for  the  AN  value  in  an  equation  setting  the  cylinder  wall  kinetic  energy  for  the 
composition  equal  to  a volume  fraction  weighted  sum  of  wall  kinetic  energies  for 
individual  constituents. 


INTRODUCTION 


The  timing  and  extent  of  energy  release  of  com- 
posite explosives  is  often  limited  by  rate  controlling 
factors  (e.g.  diffusion)  and  elemental  imbalances 
between  components  (e.g.  fuel  rich).  To  overcome 
these  limitations,  extremely  close  juxtaposition  of 
complementary  energetic  materials  by  various  cosoli- 
difleation  techniques  is  proposed.  This  approach, 
which  is  called  physical  synthesis,  spans  the  various 
levels  of  intimacy  achieved  in  eutectics,  substitutional 
and  interstitial  solid  solutions,  mixed  crystals  and 
intimately  blended  crystallites  of  various  sizes.  The 
selection  of  complementary  constituents  is  guided  by 
predicted  ideal  performance,  existence  of  eutectics, 
etc.,  kinetic  role,  and  other  considerations.  Physical 
synthesis  can  lead  to  new  composite  explosives  and 


casting  matrices,  improved  performance  due  to 
synergism  of  components,  and  the  use  of  inexpensNe, 
readily  available  energetic  materials.  A program  has 
been  conducted  (1 , 2,  3)  to  provide  information  on 
the  value  of  this  approach. 
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Ammonium  nitrate  (AN)  was  selected  because 
composite  explosives  containing  AN  do  not  achieve 
their  predicted  potential  (4),  possibly  due  to  limited 
diffusion  (S)  and/or  to  the  need  for  kinetically  active 
species  to  interact  with  those  of  AN  decomposition, 
in  addition,  AN  is  a readily  available  low  cost 
energetic  material  and  eutectics  exist  that  could  serve 
as  casting  matrices.  Methylammonium  nitrate  (MAN), 
tetramethylammonium  nitrate  (QMAN)  and  ethylene- 
diamine  dinitrate  (EDD)  were  selected  to  complement 
AN.  RDX  was  selected  to  alter  the  pressure,  tempera- 
ture and  species  environment  in  which  the  cosolidi- 
fied combinations  would  function. 
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PROCEDURES 

Performance  was  first  evaluated  by  confined 
small-scale  dent  and  detonation  velocity  tests.  This 
test  uses  a brass  or  steel  cylinder  76.2  mm  (3")  long 
with  an  inner  diameter  of  9.65  mm  (3/8”)  and  an 
outer  diameter  of  25.4  mm  to  confine  a stack  of 
explosive  pellets  totalling  at  least  63.5  mm  in  height. 

A Comp  b pellet  was  generally  used  for  initiation. 
Ionization  probes  passing  through  the  wall  were  used 
to  measure  detonation  velocity.  The  loaded  cylinder 
was  placed  directly  on  the  thick  steel  dent  plate. 

Two  slightly  different  testing  configurations  (2,3) 
were  used.  Combining  the  data  was  justified  by  com- 
parision  of  data  on  the  same  explosives,  experiments 
varying  one  of  the  configurations,  and  available  infor- 
mation (6  or  7)  on  the  effect  of  dent  test  parameters. 
Results  of  these  small-scale  tests  are  of  direct  interest 
for  comparable  dimension  applications  and  serve  as 
screening  tests  to  select  compositions  for  further 
studies  at  larger  diameters.  The  standard  cylinder  test 
(8)  was  used  at  an  explosive  diameter  of  101 .6  mm 
which  is  comparable  to  configurations  of  interest  and 
is  considered  sufficiently  large  to  have  a limited 
residual  diameter  effect.  The  cylinder  was  914  mm 
(36")  long  and  had  a wall  thickness  of  10  mm  (0.4"). 
Radial  displacement  of  the  wall  was  recorded  with  a 
slit  camera.  Detonation  velocity  was  measured  using 
contactors  that  responded  to  initial  displacement, 
spaced  along  the  wall  exterior. 

Different  methods  were  tried  in  preparing  compo- 
sitions for  the  small  scale  tests,  which  also  served  to 
provide  data  on  the  influence  of  method  of  prepara- 
tion. The  combinations  of  AN  with  MAN,  or  QMAN, 
or  EDD  were  prepared  by  the  following  procedures: 
comelting  with  rapid  cooling  by  pouring  onto  a 
stainless  steel  sheet  or  into  Freon  TF,  or  injecting 
the  latter  into  the  melt;  corecrystallization  from  water 
solution  with  rapid  vacuum  evaporation ; this  last 
procedure  followed  by  melting  and  quick  solidifi- 
cation; slurry  preparation  by  melting  in  perchlor- 
ethylene  with  additional  perchlorethylcne  used  for 
chilling;  dry  mixing.  Each  of  the  resulting  materials 
was  pulverized  and  screened  (350  pm)  as  necessary. 

In  some  cases  the  eutectic  ratio  compositions  (with 
wt.  % and  TC  as  follows:  MAN/AN,  62.5/37.5,  57°; 
QMAN/AN  17/83, 133°; EDD/AN,  50/50,  102°) 
were  first  prepared  by  one  of  the  above  procedures 
and  additional  AN  was  added  by  dry  mixing  to 
achieve  the  desired  proportions.  These  combinations 


were  dry  mixed  with  RDX  to  achieve  the  final  com- 
position. All  mixes  were  pressed  into  pellets. 

The  RDX/MAN/AN  for  the  cylinder  tests  (2)  was 
prepared  as  follows.  The  MAN/AN  eutectic  ratio 
composition  was  made  from  aqueous  solution  using 
vacuum  evaporation  in  an  oven,  followed  by  melting 
into  layers  6 mm  thick  that  were  quickly  solidified. 
This  material  was  crushed,  mixed  with  AN,  reground 
and  passed  through  a 1 77  pm  mesh  opening  (No.  80) 
sieve.  This  product  was  dry  blended  with  the  re- 
quired weight  of  RDX.  The  charges  were  pressed  to 
diameter  and  machined  to  length  to  provide  pellets 
for  the  cylinder  test.  The  RDX/TNT/AN,  40/40/20 
and  some  of  the  20/40/40,  60/40/0  were  cast  compo- 
sitions (9).  The  remaining  20/40/40, 60/40  and 
64/36  were  pressed. 

RESULTS 

The  results  of  the  confined  small  scale  dent  and 
detonation  velocity  tests  at  an  explosive  diameter  of 
9.65  mm  (3/8")  are  given  in  Table  1 . The  depth  of 
dent  data  for  binary  combinations  (Fig.  1 , left)  of 
RDX  and  EDD,  MAN,  TNT  overlap,  whereas  those 
of  RDX  with  AN  and  INERT  (an  inert  substitute 
for  AN)  produce  lesser  dents.  The  data  on  depth 
of  dent  for  binary  and  ternary  composites  containing 
AN  is  plotted  in  Fig.  1 , right.  TNT  and  EDD,  which 
gave  similar  results  with  RDX,  show  distinctly  dif- 
ferent results  with  AN.  An  AN  is  increased  in  AN/ 
EDD,  the  dent  depth  does  not  decrease,  but  instead 
increases  slightly  peaking  at  20%  AN.  In  the  more 
active  environments  of  RDX  20/EDD  and  RDX 
40 /EDD,  there  is  a marked  increase  in  dent  depth  as 
AN  content  is  increased.  The  peak  is  now  at  about 
40%  AN  and  as  more  AN  is  added  the  curve  remains 
above  that  for  RDX/ AN.  The  curve  for  the  RDX 
40/MAN  environment  shows  the  same  improvement 
of  dent  producing  performance  with  AN  content  as 
for  the  environments  containing  EDD.  In  addition, 
data  from  confined  small-scale  dent  tests  at  8.08  mm 
explosive  diameter  (1)  for  other  environments  con- 
taining MAN/AN  and  QMAN/AN  showed  similar 
behavior.  The  results  for  environments  containing 
EDD  and  MAN  demonstrate  enhanced  participation 
of  AN  over  the  time  period  involved  in  forming  the 
dent. 

The  small  scale  detonation  velocity  results  are 
shown  in  Fig.  2.  In  all  environments,  except  that 


i 


% 


■m 

m 


440 


J 

* 

i 

\ 


TNT 


20 

40 

60 

80 

)00 


40 


TABLE  1 

Results  of  Confined  Small  Scale  Dent  and  Detonation  Velocity  Test 
(Explosive  Diameter  = 9.65  mm) 
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RDX 

AN 

MAN 

QMAN 

EDD 

P 

Depth  of  Dent  (mm) 

Avg. 

Det.  Vel. 
(mm//jsec) 

Avg. 

100 

1.72 

3.58 

3.61 

3.47 

3.47 

3.53 

8.66 

8.59 

8.46 

8.55 

8.57 

mm 

1.66 

3.43 

3.28 

3.36 

1.67 

3.33 

3.20 

3.10 

3.23 

3.22 

7.73 

7.73 

40 

1.64 

2.95 

2.90 

2.93 

20 

1.63 

2.79 

2.84 

2.82 

1.59 

2.53 

2.57 

2.41 

2.46 

6.92 

6.92 

6.69 

6.84 

2.49 

2.44 

2.46 

2.48 

80 

20 

1.67 

3.40 

3.35 

3.38 

60 

40 

1.59 

2.90 

2.95 

2.92 

40 

60 

1.53 

2.84 

2.84 

2.84 

7.37 

7.27 

7.32 

20 

80 

1.46 

2.57 

2.72 

2.65 

6.41 

6.49 

6.45 

100 

1.40 

0.05 

0.10 

f 

60 

m 

1.67 

3.25 

3.18 

3.22 

40 

m 

1.64 

2.90 

2.82 

2.86 

7.96 

7.66 

7.81 

20 

m 

1.59 

2.69 

2.72 

2.71' 

7.56 

7.52 

7.54 

100 

1.55 

2.72 

2.46 

2.59 

2.64 

2.60 

6.77 

6.77 

80 

20 

1.70 

3.30 

3.20 

3.25 

60 

40 

1.73 

2.69 

2.77 

2.73 

40 

60 

1.71 

1.89 

1.93 

2.21 

2.26 

7.17 

7.17 

7.12 

7.15 

2.26 

2.11 

20 

80 

1.66 

1.19 

1.22 

1.21 

80 

120 

1.69 

3.00 

3.07 

3.04 

60 

140 

1.70 

2.31 

2.26 

2,29 

40 

160 

1.66 

1.47 

1.35 

1.41 

60 

1.57 

2.69 

2.57 

2.63 

20 

80 

1.48 

2.67 

2.69 

2.68 

6.18 

6.58 

6.38 

30 

70 

1.51 

2.64 

2.49 

2.49 

2.72 

5.85 

5.60 

5.90 

5.78 

2.74 

2.61 

40 

60 

1.47 

2.52 

2.57 

2.54 

5.90 

5.69 

5.80 

50 

50 

1.55 

1.52 

1.70 

2.18 

1.52 

5.17 

5.18 

5.20 

5.19 

0.76 

0.86 

1.96 

1.50 

56 

44 

1.58 

0.91 

2.13 

2.72 

0.40 

5.81 

5.23 

5.52 

1.98 

2.52 

0.15 

f 

1.20 

60 

40 

1.55 

1.70 

1.32 

1.52 

1.83 

1.59 

30 

1.63 

2.01 

2.03 

2.02 

6.48 

6.25 

6.37 

TABLE  ] -Continued 
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TNT 

RDX 

AN 

MAN 

QMAN 

EDD 

Depth  of  Dent  (mm) 

Avg. 

Dct.  Vcl. 
(mm//usec) 

Avg. 

40 

45 

15 

2.97 

2.97 

2.96 

2.97 

7.34  7.31  7.07 

7.24 

40 

30 

30 

1.62 

3.05 

3.07 

2.99 

3.04 

7.49  7.51  7.16 

7.39 

40 

15 

45 

1.57 

2.97 

2.97 

7.57 

7.57 

40 

48 

12 

1.64 

2.41 

2.36 

2.39 

6.99  7.06 

7.03 

40 

40 

20 

1.59 

2.29 

2.46 

2.38 

6.94  6.97 

6.96 

40 

30 

1.53 

2.21 

2.21 

2.21 

6.77  6.86 

6.82 

40 

34 

26 

1.67 

3.22 

3.25 

3.28 

3.23 

3.25 

40 

30 

30 

1.66 

3.28 

3.15 

3.30 

3.20 

3.23 

7.38 

7.38 

m 

20 

1.67 

2.29 

2.36 

2.33 

■n 

45 

35 

1.62 

2.95 

2.92 

2.94 

6.16 

6.16 

20 

40 

1.61 

3.05 

3.02 

3.30 

3.23 

3.15 

6.39 

6.39 

20 

24 

56 

1.51 

2.90 

2.84 

2.87 

6.93 

6.93 

40 

20 

40 

1.65 

2.54 

2,46 

2.71 

2.67 

2.60 

7.10 

7.10 

40 

34 

26 

1.61 

2.79 

2.82 

2.81 

Composition*  pivcn  In  weight  portents.  AN  * ummoniuin  nitrate;  MAN  ■ mcthylummoniuin  nllrutn;  QMAN  - tctramcUiyl* 
ammonium  nitrate;  KDD  ■ ethylentdlumino  dlnltrute;  I - Inert  * 90/10  ammonium  sulfato/ummonium  lull'lto  monohydrutu. 
i>  m averayo  density  In  g/cm"*;  f » fails  to  propajtute;  AN  «*  100  and  AN/liDI)  « 75/25  did  not  propagate.  Data  on  RDX 
40/AN/MAN  or  OMAN,  RDX/MAN  20/80  and  llrst  two  values  for  RDX  ure  from  Kef  2,  balance  from  Ref  3. 


with  OMAN,  the  velocity  decreases  as  AN  content  is 
increased,  (The  exception  is  simply  due  to  the  non- 
explosive  character  of  QMAN,  and  its  lower  density). 
However,  the  velocity  decrease  with  increase  in  AN  is 
at  two  rates,  with  a lower  rate  for  the  more  active 
environments  RDX  40/MAN  and  RDX  40/EDD. 

(Note  the  same  slope  for  101 .6  mm  as  for  9,65  mm 
explosive  diameter  of  RDX  40/MAN/AN.  In  the 
shorter  time  frame  of  the  detonation  zone,  the  AN 
contribution  though  small  is  enhanced  by  more  active 
environments. 

The  results  of  the  101 .6  mm  explosive  diameter 
cylinder  tests  are  given  in  Table  2,  together  with 
sources (2,  8, 9,  10,  II,  12)  and  necessary  descrip- 
tions. The  wail  velocities  at  the  20  and  76  mm  wall 
displacements  (R-R0)  correspond  to  the  volume 
occupied  by  products  being  twice  and  seven  times 
respectively  that  of  the  uninitiated  explosive.  The 
wail  kinetic  energy  ratios  for  different  explosives  are 
formed  by  squaring  the  wall  velocity  and  dividing  it 
by  a similar  quantity  for  RDX/TNT  64/36  (standard). 
Note  first  that  as  the  ratio  of  MAN  to  AN  increases 
in  the  RDX  40/AN/MAN  the  metal  accelerating 


ability  of  the  explosive  increases  significantly,  reach- 
ing 95%  of  thai  of  the  standard  explosive  for  equal 
parts  of  MAN  and  AN.  This  must  bo  assessed  in  terms 
of  the  fact  that  the  standard  explosive  has  mote  RDX 
(64  wt  %),  and  the  balance  TNT,  whereas  this  compo- 
sition uses  only  40  parts  RDX.  Comparison  with 
RDX/TNT/ AN  40/40/20  and  20/40/40  (Ainatcx  20) 
show  tha>  the  MAN/AN  combination  provides 
highest  wail  kinetic  energy  for  minimum  use  of  RDX 
and  TNT.  A comparison  of  data  in  Table  2 for  dis- 
placements of  20  and  76  nun  allows  that  the  compo- 
sitions containing  MAN /AN  also  provide  greater 
acceleration  at  earlier  times  than  those  containing 
TNT/ AN,  The  detonation  velocity  data  show  the 
same  trends  as  the  wall  kinetic  energies.  For  example, 
RDX/ AN /MAN,  40/30/30  has  a detonation  velocity 
of  7.88  mm//isec  compared  to  7.99  for  ‘.he  standard 
and  7.04  for  RDX/TNT/AN  20/40/40  and  7.53  for 
40/40/20.  Since  MAN  is  an  explosive  and  the  im- 
proved performance  occurred  as  MAN  was  increased, 
the  results  arc  due  to  substitution  of  MAN  for  AN, 
enhancement  of  the  AN  contribution,  and  the  more 
active  environment  in  which  the  balance  of  the  AN 
functions  (see  DISCUSSION). 
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The  data  in  Table  2 also  show  the  effect  of  sub- 
stituting AN  for  RDX  holding  TNT  at  40  wt  %. 
Average  kinetic  energy  ratios  1 .0, 0.93, 0.86  and 
average  detonation  velocities  7.91 , 7.53,  7.04  corre- 
spond to  0,  20, 40  AN  in  TNT  40/RDX/AN.  These 
trends  and  those  presented  previously  for  the  RDX/ 
AN/MAN  system  are  shown  in  Fig.  3 by  the  open 
circles  and  triangles.  The  RDX  40/MAN/AN  points 
fall  above  and  have  a lower  rate  of  decrease  with 
increase  of  AN  than  the  TNT  tO/ROX/AN  system, 
demonstrating  the  earlier  stated  superiority  of  systems 
containing  MAN/AN. 

Before  leaving  'fable  2,  note  that  data  is  also  pre- 
sented showing  that  use  of  prills  or  very  coarse  AN 
(below  dashed  line)  results  tn  lower  detonation  velo- 
city and  t,  Under  wall  velocities.  It  is  possible  that  in 
longer  time  frames  (e.g.  blast  waves,  cratering,  rock 
blasting)  these  particle  size  effects  would  be  reduced. 
The  performance  of  AN/FO  (12)  is  listed  for  compari- 
son. 

The  results  of  calculations  of  ideal  detonation  and 
expansion  properties  using  the  TIGER  computer 


Fig,  2,  Detonation  velocity  results  for  confined  small 
scale  test  (9.65  mm). 
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TABLE  2 


Results  of  Cylinder  Tests  for  101.6  mm  Explosive  Diameter 


Composition 

Wt.  % 

P 

Wail  Velocity 
(mm/psec) 
at  R-R()(mm) 

Ratios  of 
(Wall 

Velocity)2 

Detonation 

Velocity 

(mm/pscc) 

Ref. 

TNT 

RDX 

AN 

MAN 

FO 

20 

76 

20 

76 

36 

64 

1.717 

1 .390 

1 .630 

1.0 

1.0 

7.99 

8 

40 

60 

1.700 

1.380 

1 .645 

0.986 

1.018 

7.89 

7.90  7.91 

9 

1.701 

! .378 

1.625 

0.983 

0.994 

7.92 

10 

40 

40 

20 

1 .677 

1.327 

1.587 

0.911 

0.948 

7.55 

9 a 

1 .672 

1.311 

1.558 

0,890 

0.914 

7.55 

7.56 

9 b 

1 .669 

1.313 

1.568 

0.802 

0.925 

7.50 

7.50 

9 b 

40 

60 

1.720 

1.325 

1.534 

0.909 

0,886 

7.58 

7.59 

2c 

40 

45 

15 

1.673 

1.348 

1.572 

0.940 

0.930 

7.64 

7,65 

2d 

40 

30 

30 

1 .630 

1.360 

1 .589 

0.957 

0.950 

7.88 

7.88 

2d 

40 

20 

40 

1 .634 

1 .269 

1.517 

0.833 

0.866 

7.03 

7.03 

9c 

1 .624 

1 .276 

1 .509 

0.843 

0.857 

7,03 

7.06 

9e 

1.572 

1.217 

1.468 

0.767 

0.8)1 

6.81 

lot 

1.613 

1.237 

1.471 

0.792 

0.814 

6.95 

IlK 

1 .604 

1.266 

1.508 

0.830 

0.856 

6,95 

6.96 

9a 

94 

6 

0.782 

- 

0.866 

-- 

0.282 

3.89 

12h 

Cylinder  test  is  described  in  Kef.  8.  expansion  velocity  of  the  10  mm  thick  copper  wall  Is  given  for  wall  displacements, 

K-R(j.  Detonation  velocity  is  simultaneously  measured  by  multiple  pin  signals  ulong  wall.  Detonation  values  listed  first  cor- 
respond to  10  mm  wall  case,  other  D values  are  for  walls  5 mm  thick.  The  ratios  of  wall  velocities  squared  uses  KDX/TNT 
64/36  us  standard.  Kef.  9 compositions  were  cust,  others  pressed  (except  AN/I'O  prills).  Last  column  gives  source  ol  data 
(numbers)  and  notes  (letters)  on  particle  si/e  of  AN  us  follows  - a - AN  coarse  (75%  177-800  urn);  h - AN  line  (85%  62-177 
gun);  c - AN  extra-fine  (median  < 40  gun);  d - AN/MAN  eutectic  melt  (sec  text);  e - AN  medium,  equal  parts  course  and  fine; 
f - AN  prills;  g - AN  prills  (median  ~ 500  gun);  li  - AN  prills  witli  No,  6 diesel  fuel  oil. 


program  (13)  with  the  BKW  equation  of  state  arc 
presented  in  Tabic  3.  Subject  to  applicability  of 
Chapman-Jouguet  (CJ ) theory  and  the  equation  of 
state,  the  values  represent  an  upper  bound  on  per- 
formance of  the  compositions.  The  footnotes  in 
Table  3 explain  the  column  headings.  Note  that  RjJ 
and  R'-J  are  predicted  ratios  of  wall  kine.io  energy  fo 
the  standard  explosive  while  the  ratios  of  velocity 
squared  in  Table  2 are  the  experimental  counterparts. 
Calculations  for  theoretical  maximum  densities  and 
for  experimental  densities  were  made  and  the  former 
set  selected  for  Table  3 as  of  more  general  use.  (Con- 


clusions of  analyses  are  not  altered  by  this  choice). 

One  can  estimate  that  a 0.1  g/cm3  increase  in  density 
increases  detonation  velocity  about  330  m/scc. 

To  compare  depth-of-dent  data  (Table  1 , Fig.  1 ) 
with  Table  3 one  can  use  the  CJ  pressure  or  Rj  as 
representing  very  short  time  frames.  For  the  binaries 
containing  KDX,  instead  of  the  overlap  of  dent  of 
depth  results  (left  side  of  F'ig.  I ),  three  separate  curves 
are  predicted  with  performance  decreasing  in  the 
order  RDX/EDD,  RDX/TNT,  RDX/M\N.  For  the 
ternaries  containing  AN  (right  side  of  Fig.  I ) the 
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TABLE  3 


Properties  Predicted  for  Explosives  Using  TIGER  Computer  Program 


RDX  AN  MAN  OMAN  HDD 


80  20  i 

60  40 

40  60 

20  80 


40  45  15 

40  30  30 

40  IS  45 

40  48 

40  40 

40  30 

40  34 

40  30 

20  60 

20  45 

20  40 

20  24 

20  40 

40  20 


308  2442  2.06  35.6  7.5 

275  2257  2.07  37.3  8.3 

246  2078  2.00  39.0  0.1 

220  1904  3,01  40.8  0.8 

7513  I 196  1733  3,03  42.6  10.6 


\m 


305  2143  3.02 
286  1923  3.06 
8242  267  1717  3.10 
8090  249  1526  3.14 


6 | 8832  ] 341  2264 
335  1923 
316  1466 
272  804 

210  470 

240  1986 
260  1442 
266  1308 
8420  272  1354 
8515  278  1312 
8571  282  1285 
8540  278  1200 
5 7766  240  2255 

1747 
1860 
1979 
1781 

8207  1273  1 1878 
1081 


ML 


-Kf 

_li2  I 

-li7 

*2 

1110 
1076 
738  I 1032 


WjpTTnFF 


000  1 356 
1141  1468 
1579 
1600 
1547  I 1801 


1.063  1.056 
0.957  0.042 


7.6  277  1162  1480  1.042  1.008 

7.5  464  1302  1501  0.064  0.922 

7,8  650  1441  1600  0.887  0.830 

8.1  837  1577  1805  0.812  0.756 


0,0  620 
0.0  859 


1.175  1.136 
1.136  1.075 
1,030  0.036 
0.706 

0.805  0,786 
0,844  0.775 
0.860  0.785 
0.877 
0.802 
0,902 
0.877 

0.846  0.835 


1.5  584 
4,0  548 

6.5  512 

4.5  561 
8,3  522 

12.9  473 
2.7  552 
3.2  542 


1461 
1300 
1337 
1416 

' 1628 
1543 
1707 
1414  I 1603 


IE  3 

He ’ll 


0.062 
0,019 
0,'.'06  0.878 
.986  0.931 
.921  0.882 
.844  0.824 
,035  0,971 
,026  0.965 


1615  0.952 

1602  1844  0.070  0.981 
1828  0,961  0.885 
1779  0.931  0.867 

1266  1556  0 958  0.924 
1046  1364  0.990  0.973 
1000  1311  0.894  0.890 


Compositions  are  as  described  with  Tabic  1.  P'|'md  " theoretical  maximum  densities  of  explosives.  Chapman-.) ouguct  values 
are  D « detonation  velocity  ‘n  metcrs/sec,;  I*  ■ pressure  in  kiloatm.;T  ■ temperature  In  degrees  Kelvin. !’  » -d(  1 nl>)/d(  1 n V )s; 
(las  • gaseous  detonation  products;  C • carbon  solid,  both  in  moles/kg  oi'  explosive,  energies  are  in  eal/g  with  lip  “ explosive 
formation  at  STP;  lij*  *'  7 “ energy  of  products  on  isentrope  from  CJ  point  at  specific  volumes  two  und  seven  times,  respec- 
tively, that  of  the  undetonated  explosive.  R'j  <*  ratio  of  p(Ff-  li2)  to  -1454.25  which  Is  for  RDX/TNT  64/36  a ip  - 1.717. 
R7  » similar  ratio  (with  K7)  to  -2042.94.  indicates  that  TNT  constants  were  used  in  the  BKW  cqn.  - indicates  that  tempera- 
tures at  those  isentrope  points  were  too  low. 
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performance  predictions  with  increase  of  AN  content 
correspond  to  the  trends  observed  in  the  depth  of 
dent  data,  except  for  TNT/AN.  For  the  detonation 
velocities  of  the  confined  small-scale  test,  the  pre- 
dicted trend  as  AN  is  increased  corresponds  for  all 
except  TNT/AN  and  RDX/AN.  These  exceptions  are 
due  to  the  predictions  showing  an  increase  in  detona- 
tion velocity  as  the  carbon  in  the  products  combines 
with  oxygen  from  AN,  which  prediction  Is  evidently 
not  realized  for  the  experimental  conditions.  Because 
of  the  strong  diameter  and  confinement  effects  in- 
volved in  composition  performance  in  the  small-scale 
test  configuration,  no  effort  has  been  made  to  further 
correlate  these  data  (Table  1 ) with  the  predictions  In 
Table  3. 

Figure  3 provides  a comparison  of  cylinder  test 
duta  at  101 .6  mm  explosive  diameter  (Table  2)  and 
predictions  (Table  3).  The  predicted  and  experimen- 
tal detonation  velocities  (Fig.  3,  left)  are  of  opposite 
slope,  with  the  experimental  velocities  diverging  from 
the  predicted  as  the  AN  content  is  increased.  This 
divergence  may  be  attributed  to  AN  not  contributing 
significantly  within  the  time  frame  of  the  detonation 
zone.  The  predicted  increase  in  detonation  velocity 


with  increase  of  AN  content  in  RDX/40/MAN/AN  is 
related,  as  described  previously,  to  oxidation  of 
carbon  in  the  products.  Experimental  results  for  rela- 
tive wall  kinetic  energy  (Fig.  3,  right)  are  represented 
by  the  ratios  of  wall  velocity  squared  at  76  mm  wall 
displacement  (7V0)  whereas  the  predictions  are  repre- 
sented by  R^  (see  footnote  Table  3).  Comparison  of 
the  experimental  and  predicted  wall  kinetic  energies 
can  only  be  made  as  to  trends,  not  absolute  values 
because  of  the  different  sources  of  the  ratios  (e.g. 
experimental  involves  rcshocking).  Further,  the 
predicted  point  for  RDX/AN  40/60  must  be  used 
with  caution  because  the  sevenfold  volume  expansion 
on  the  isentrope  corresponds  to  a predicted  tempera- 
ture of  266°K  and  613  atmospheres  and  the  behavior 
of  the  BKW  equation  of  state  in  this  range  is  not 
known.  Both  the  experimental  and  predicted  relative 
wall  energy  for  TNT  40/RDX/AN  decrease  as  AN 
content  increases,  with  the  experimental  line  diverging 
from  the  predicted.  As  for  the  detonation  velocity 
comparison,  this  behavior  may  be  attributed  to  AN 
not  contributing  significantly  within  this  composite 
explosive.  For  RDX  40/MAN/AN  the  experimental 
relative  wall  kinetic  energy  increases  as  AN  content 
is  decreased  to  30  wt  %.  Using  the  nonabsolute 


EXP*!  THEORY/ 

A RDX 40/MAN/AN  A 


Fig.  3.  Cylinder  test  ( 101.6  mm)  results  and  ideal  explosive  predictions. 
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character  of  the  ordinate  scales  for  prediction  and 
experiment  as  justification,  one  can  imagine  the  curves 
shifted  so  that  performance  is  always  below  predic- 
tion for  ideal  behavior.  It  follows,  that  as  AN  was  de- 
creased to  30  wt  % performance  improved,  approach- 
ing ideal  behavior.  In  the  DISCUSSION  this  con- 
clusion is  given  a quantitative  examination.  Data  for 
less  than  30  wt%  AN  and  improved  correlation  be- 
tween experimental  and  predicted  measures  of  per- 
formance arc  required  for  further  interpretation. 

The  effect  of  preparation  procedures  on  perfor- 
mance was  studied  in  connection  with  the  small- 
scale  tests  on  compositions  containing  AN,  EDD,  and 
RDX  (3).  The  following  were  found  to  be  key  param- 
eters: weight  percent  of  AN,  the  environment 
provided  by  the  balance  of  the  explosive,  and  the 
importance  to  performance  of  AN  behavior  (c.g.,  near 
critical  diameter).  Data  in  Table  4 illustrate  the 
change  in  dent  depth  as  a function  of  composition 
and  preparation  procedure. 


DISCUSSION 

The  results  of  both  the  confined  small-scale  tests 
and  the  cylinder  tests  have  shown  that  performance 
of  explosives  containing  AN  is  significantly  improved 
when  the  composition  also  contains  MAN  or  EDD. 
The  analyses  of  the  data  made  use  of  trends  with 
changing  weight  percent  of  AN,  and  comparison  with 
predictions  of  pressure,  detonation  velocity  and  wall 
energy  obtained  with  the  TIGER  computer  program 
using  the  BKW  equation  of  state.  For  ideal  explosives 
the  ratio  of  experimental  wall  kinetic  energy  to  that  of 
standard  explosive  at  sevenfold  volume  expansion  of 
the  products  from  the  uninitiated  state  has  been  shown 
(8)  to  correspond  to  an  analogous  computer  derived 
ratio,  R7  (see  Tabic  3).  Mader  (4)  has  shown  that  pre- 
dicted CJ  pressure  is  a linear  function  of  experimental 
wall  kinetic  energy  for  ideal  explosives.  In  applying 
these  methods  to  non-ideal  explosives  the  underlying 
assumption  is  that  use  of  CJ  theory  and  the  BKW  equa- 
tion of  state  is  a good  approximation.  The  correlation 
of  Mader  also  requires  that  the  locus  of  the  explosive 


TABLE  4 


Small-Scale  Confined  Dent  Test  Results  as  a Function 
of  Composition  Preparation  Procedures * 


RDX/AN/EDD 

Procedure 

Dents  (mm) 

0/50/50 

Melt  into  Freon 

1.52 

1.52 

Melt  onto  Plate 

0.76 

0.86 

Inject  Freon 

2.54 

2.46 

Recrystallize 

2.11 

2.21 

Slurry 

0.64 

0.61 

Dry  Mix 

1.70 

0/30/70 

Melt  into  Freon 

2.49 

2.79 

Melt  onto  Plate 

2.72 

2.74 

Recrystallizc 

2.64 

2.49 

20/40/40 

Melt  into  Freon 

3.05 

3.02 

Slurry 

3.23 

3.30 

40/30/30 

Melt  onto  Plate 

3.15 

3.28 

Slurry 

. — 

3.20 

3.30 

•Described  in  procedure  section  of  this  paper  and  in  greater  detail 
in  Ref.  3. 
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product  expansion  from  the  CJ  pressure  scale  with  that 
pressure  for  different  explosives  functioning  in  the 
cylinder  test  configuration.  The  difficulty  with  both 
approaches  stems  from  the  time  dependent  energy 
release  of  non-ideal  explosives.  It  is  for  these  reasons 
that  emphasis  was  placed  on  trends  rather  than 
absolute  values  for  analyzing  the  results. 

To  determine  whether  impiovements  in  perform- 
ance are  due  to  substitution  of  a superior  explosive 
(e.g.  MAN  for  AN)  or  to  enhanced  performance  of  a 
component  (e.g.  AN)  an  inversion  procedure  is  pro- 
posed and  applied  to  the  cylinder  test  results.  It  is 
known  (14,  1 5)  that  the  detonation  velocity  and 
cylinder  wall  kinetic  energy  of  some  composite  ex- 
plosives may  be  estimated  by  a sum  of  volume- 
fraction  weighted  detonation  velocities  and  wall 
kinetic  energies  respectively  of  the  constituents.  Thus 
when  the  experimental  detonation  velocity  of  the 
composite  explosive  and  those  for  all  but  one  consti- 
tuent are  known,  one  can  invert  this  summation  equa- 
tion to  derive  an  effective  detonation  velocity  for 
that  one  constituent  in  that  composite  explosive.  An 
analogous  approach  is  also  suggested  for  cylinder  wall 
kinetic  energies  of  non-ideal  explosives.  It  is  asserted 
based  on  (he  expressibility  of  Ry  for  ideal  composite 
explosives,  in  terms  of  constituent  contributions  and 
on  the  correspondence  that  exists  between  computed 
and  experimental  wall  energy  ratios  that  this  approach 
is  as  valid  as  the  analysis  techniques  discussed  in  the 


previous  paragraph.  Thus,  the  summation  over 
volume-fraction  weighted  wall  kinetic  energies  has 
been  set  equal  to  the  experimental  value  for  each 
composite  explosive  and  the  equation  inverted  to  de- 
rive an  index  to  the  behavior  of  AN  in  that  explosive. 
A further  use  of  this  approach  is  to  characterize  the 
environment  in  which  AN  functions  by  using  the 
summation  without  the  term  for  AN,  directly  or  nor- 
malized to  unit  volume  (by  division  by  the  volume 
fraction  represented).  By  doing  the  described  calcu- 
lations for  the  compositions  containing  AN,  one  can 
observe  the  extent  of  enhanced  participation  of  AN 
and  the  relationship  to  the  environment.  Results  for 
RDX/AN/MAN  and  RDX/TNT/AN  arc  in  Table  5,  It 
is  seen  that  the  AN  deton  don  velocity  and  wall 
kinetic  energy  indices  increase  as  AN  decreases  to  30 
wt  % in  RDX  40/ AN/MAN.  Note  that  a constant  value 
(magnitude  is  not  critical  to  trend)  has  been  used  for 
MAN  in  the  calculation.  Detailed  interpretation  of 
Table  5 requires  additional  exploration  of  the 
approach. 

The  performance  observed  (Tables  1 , 2)  should 
have  been  related  to  the  Intimacy  achieved  in  a partic- 
ular cosolidification.  To  date,  no  satisfactory  meas- 
ure of  intimacy  has  been  found.  For  this  reason,  the 
approach  was  to  use  eutectics  and  rapid  cooling  of 
melts  insofar  as  possible,  and  to  use  the  small-scale 
tests  to  observe  the  effect  of  preparation  procedure 
as  a guide  for  further  work. 


TABLE  5 


Inverse  Method  Indices * 


WEIGHT 

PERCENT 

DET.  VEL. 
INDEX 

(VEL)2 

INDEX 

TNT 

RDX 

AN 

MAN 

AN 

ENV 

AN 

ENV 

40 

■9 

40 

6851 

4585 

2.21 

1.41 

40 

MM 

20 

6980 

6308 

2.13 

2.04 

40 

60 

7022 

3418 

1.79 

1.26 

40 

45 

15 

6934 

4657 

2.14 

1.52 

— 

40 

30 

30 

7381 

5821 

2.64 

1.77 

♦Experimental  values  of  detonation  velocity  or  (wall  velocity)^  (at  7Vq)  arc  set 
equal  to  volume  fraction  weighted  sum  of  same  quantities  for  constituents. 
Equation  is  inverted  to  obtain  value  for  AN.  ENV  is  weighted  sum  in 
equation  for  balance  (environment).  Values  used  in  calculation  for  Del  Vcl 
and  for  (Vel)2  arc  respectively;  KDX,  8774,  3.229;TNT,  7065,  1.9285; 

MAN,  7512,  1.6875. 
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CONCLUSIONS  AND  FUTURE  WORK 

Significantly  improved  performance  has  been 
achieved  for  composite  explosives  containing  AN  by 
the  physical  synthesis  approach.  This  is  attributed, 
in  part,  to  enhanced  contribution  of  the  AN  and 
represents  a move  toward  ideal  behavior.  Results  of 
small-scale  tests  on  systems  containing  HDD/ AN  are 
sufficiently  promising  to  justify  cylinder  test  evalua- 
tions. Work  to  define  a measure  of  the  intimacy  of 
constituents  achieved  by  cosolic ideation  or  by  other 
methods  of  physical  synthesis  will  be  pu.  jued.  The 
proposed  approach  »o  an  index  of  participation  of  AN 
in  a composite  explosive  and  to  characterizing  the 
role  of  the  environment  in  which  the  AN  functions 
requires  further  study. 
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HOMOGENEOUS  LIQUID  EXPLOSIVES  CONTAINING  UREAPERCHLORATE 


Shuzo  Fujiwara,  Masao  Kusakabe,  and  Kazuo  Shiino 
National  Chemical  Laboratory  for 
Industry,  Eighth  Division 
Nishiyawata  1-3-4,  Hiratsuka  City, 
Kanagawa,  JAPAN 


Ureamonoperchlorate  (UP)  is  remarkably  soluble  in  water  and  its  high  concentrated 
aqueous  solution  can  dissolve  many  kinds  of  organic  substances  readily.  Some  of 
its  homogeneous  mixtures  with  the  organic  substances  can  propagate  the  reaction 
waves,  and  their  explosive  behaviors  were  investigated.  These  detonable  mixtures 
were  generally  insensitive  to  impact  and  their  light  emission  during  detonation  reac- 
tion was  rather  weak.  Mixtures  with  detonable  substances,  such  as  picric  acid  or 
nitromet'mne  were  very  powerful  explosives  and  showed  two  modes  of  detonation, 
i.e.  L VD  and  UVD.  Cn  the  other  hand,  mixtures  with  non-detonable  substances 
such  as  nitrobenzene  or  dimethylformamide  showed  only  L VD.  This  L VD  in  the 
mixture  with  dimethylformamide  was  clearly  different  from  usual  L VD  observed  in 
j nitroglycerine  or  methylniirate. 


INTRODUCTION 

It  is  well  known  that  some  perchlorates  or  their 
mixtures  with  fuels  a.e  good  explosives,  for  instance, 
ammoniumperchlorate  is  generally  used  as  a compo- 
nent of  explosives  or  rocket  propellants.  Though 
explosive  properties  of  these  perchlorates  have  been 
studied  well  (1),  ureamonoperchloraie  (UP)  is  un- 
known. 

UP  is  hygroscopic  and  highly  deliquescent.  This 
may  be  the  mason  why  the  substance  has  not  been 
interested  in  and  not  studied  as  an  explosive  material. 
UP  is  soluble  into  water  in  a great  amount  and  its 
aqueous  solution  is  a good  solvent  of  various  kinds  of 
organic  substances.  Although  aqueous  solution  of  UP 
has  not  so  much  detonability  itself,  some  of  its 
homogeneous  mixtures  with  the  organic  substances 
can  transmit  detonation  wave.  This  work  has  been 
undertaken  to  study  the  explosive  behaviors  of  these 
liquid  mixtures. 


PREPARATION  0?  UP 

UP  was  prepared  by  the  process  shown  in  Fig.  1 
(2).  Twenty-five  parts  (weight)  of  urea  were  added 
to  45  parts  of  aqueous  hydrochloric  acid  (35  weight 
percent)  and  dissolved  under  agitation.  Then  aqueous 
solution  of  sodiumperchlorate  (5 1 weight  percent) 
was  added  and  the  mixture  was  stirred  for  about  10 
minutes  at  40°C  and  then  cooled  to  20°C.  The 
precipitates  which  were  mostly  sodiumchloride  wete 
separated  by  filtration.  The  filtered  solution  was 
concentrated  under  the  reduced  pressure  at  a tem- 
perature below  80°C  and  then  the  precipitated 
sodiumchloride  was  filtered  again.  By  repeating  this 
purifying  procedure,  crystals  of  UP  were  obtained  in 
a high  yield  from  the  resulted  high  concentrated 
solution. 

This  substance  is  a colorless  crystal  in  the  form  of 
thin  plate.  It  is  a chemically  stable  and  highly  hygro- 
scopic explosive  substance  which  is  not  so  dangerous 


450 


Fig.  1.  Flow  diagram  of  UP  preparation. 


in  handling.  Properties  of  UP  are  shown  in  Table  1 . 
Solubility  to  water  against  temperature  and  density  at 
20°C  of  its  aqueous  solution  against  UP  content  arc 
shown  in  Fig.  2 and  Fig.  3,  respectively. 


DETONABILITY  OF  UPS 

Ninety  weight  percent  aqueous  solution  of  UP 
(UPS),  which  is  almost  saturated  under  usual  ambient 


TABLE  l 


Paper  ties  of  Ureamonoperchlorate  ( UP) 


Molecular  formula: 

C0(NH2)2-HC104 

Molecular  weight : 

160.52 

Melting  point : 

83  °C 

Decomposition  temperature: 

165°C 

Solubility  to  water  (20°C): 

958  in  100  water 

Density  of  saturated 

aqueous  solution: 

1.6226  (20°C) 

Oxygen  balance  (CO2): 

+0.099  g/g 

Impact  sensitivity: 

0/6  (5  kg,  60  cm) 

Fig.  2.  Solubility  of  UP  in  water. 


Fig.  3.  Density  (20°C)  of  aqueous  solution  of  UP. 


temperature  (see  Fig.  2),  was  tested  for  its  dctonabil- 
ity.  Under  our  experimental  conditions,  no  stable 
reaction  wave  was  observed  in  this  solution. 

When  a steel  tube  charge  containing  UPS  (^j„  * 28 
mm,  #out  = 36  mm,  length  = 250  mm)  was  strongly 
initiated  with  a tetryl  pellet  (density  * 1.52  g/c.c., 

10  g),  the  reaction  wave  propagation  was  observed 
only  at  the  neighbors  of  the  tetryl  booster  and  then 
failed. 
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UPS  was  highly  incombustible  too.  About  100  g 
of  UPS  was  confined  in  steel  tubes  (</> j„  = 22  mm, 

0<>ut  ~ 30  mm,  length  = 200  mm)  and  ignited  with  the 
thermite  of  1 gramme,  but  no  appreciable  decomposi- 
tion was  observed. 


HOMOGENEOUS  MIXTURES  WITH  ORGANIC 
SUBSTANCES 

Various  kinds  of  organic  substances,  especially 
polar  liquids  or  solids,  for  example,  acetone,  acetoni- 
tryl,  nitroalkanc,  nitrobenzene,  picric  acid,  dimethyl- 
form  amide,  etc.,  can  be  readily  dissolved  to  UPS. 
Several  homogeneous  mixtures  of  UPS  with  these 
combustible  substances  could  propagate  the  reaction 
waves.  Explosive  behaviors  of  these  homogeneous 
liquids,  i.c.,  critical  diameter,  detonation  velocity, 
shock  and  impact  sensitivities  were  investigated  by 
various  methods.  Results  arc  shown  in  Table  2. 

Impact  test  with  five  killogramme  drop  hammer 
was  done  for  the  mixtures.  About  0.1  g of  the  sam- 
ple liquid  was  poured  in  a small  shallow  stainless  steel 
cup  and  covered  with  stainless  lid  which  had  a small 
hole  at  the  center.  This  sample  assembly  was  placed 
on  an  anvil  and  tested.  Although  nitroglycerine  (NG) 
showed  four  positive  results  with  six  trials  at  5 cm 


height,  the  mixtures  listed  in  Tabic  2 showed  no  posi- 
tive result  at  as  high  as  60  cm  drop  height. 

Detonation  velocity  was  measured  by  two 
methods.  In  the  case  of  high  velocity  detonation 
(UVD),  velocity  was  measured  by  the  electronic 
method  described  in  our  previous  report  (3).  In  the 
case  of  low  velocity  detonation  (LVD),  however,  its 
velocity  was  measured  by  the  Dautriche’s  method, 
because  of  the  following  reasons.  The  detonation 
pressure  of  LVD  was  not  high  enough  to' cause  the  in- 
stantaneous electrical  break-down  of  the  ion-gap 
insulator.  Optical  measurement  of  the  propagation 
velocity  was  also  difficult  for  LVD  of  these  mixtures. 
In  general,  light  emitted  from  the  reaction  front  of 
these  liquids  was  too  weak  to  observe  it  by  the  streak 
camera. 

In  Fig.  4,  detonation  velocity  (1IVD)  and  density 
of  the  mixtures  of  nitromethanc  and  UPS  are  plotted 
against  UPS  concentration. 

Sensitivity  to  shock  wave  was  determined  by  our 
small  scale  card-gap  test  (4).  In  the  method,  totryl 
pellet  (density  - 1 .52  g/c.c.,  diameter  • 20  mm, 
weight  = 20  g)  and  PMMA  plates  were  used  as  a donor 
charge  and  gap-materials  respectively.  Thick  lead 
tubes  (inner  diameter  = 20  mm,  outer  diameter  - 28 


TABLE  2 


Explosive  Properties  of  Typical  Homogeneous  Liquid  Explosives  Containing  UP 


Composition 

Density 

(g/c.c.) 

Detonation  Velocity 
(km/sec) 

Critical 

Initiation 

Pressure 

Critical 
Diameter 
in  brass  tube 

NM-UPS 

s<  Fig.  3 

UVD  see  Fig.  4 

HVD  60-90  kbar 

PA/ UPS  = 10/90 

PA/UPS  = 15/85 
DCB/UPS  = 10/90 

1.603  (25°C) 

?.610(25°C) 
1.593  (25°C) 

LVD  NM/UPS  = 10/90:  1.9 

NM/UPS  = 20/80:  2.0 

UVD  (Pb  tube,  0|n  = 20  mm):  6.89, 
LVD:  1 .9 

UVD  (same  above):  7.66 

HVD  (same  above):  5.68 

LVD  ca.  2 kbar 

4-6  mm 

NB/UPS  = 10/90 

1.527  (20°C) 

LVD  (same  above):  2.2 

<2  kbar 

4-6  mm 

DFA/UPS  = 10/90 

1 .498  (20°C) 

LVD  (same  above):  1 .7 

39-41  kbar 

8-10  mm 

UPS:  90  weight  percent  aq.  solution  of  UP 

PA:  Picric  acid 

DOB:  Dinitrochlorbenzenc 

NB:  Nitrobenzene 

DFA:  Dimcthylformamlde 
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/'V#.  Detonation  velocity  and  density  (20°C)  of 
NM-Ul’S  mixture. 


mm,  length:  25-50  nun)  were  used  us  the  containers 
for  the  sample  liquids.  From  the  shape  of  the  Im- 
pressed mark  on  the  used  leud  witness  plate,  wc  could 
judge  which  mode  of  reaction  had  occurred,  non- 
initiation, LVDor  UVD.  Shock  initiation  pressure 
was  obtained  from  the  resulted  criticul  gap-length 
using  gap  length-pressure  calibration  curve,  which  hud 
been  determined  for  this  system.  In  Fig.  5,  the  criti- 
cal initiation  pressures  (for  HVD)  for  the  mixtures  of 
nitromethanc  and  UPS  (90%)  arc  plotted  against  the 
UPS  content. 

The  maximum  sensitivity  lies  at  about  60  weight 
percent  mixing  ratio  which  is  widely  different  from 
that  of  stoichiometric  composition  (C02  or  CO). 

Effect  of  water  on  the  shock  initiation  sensitivity 
and  propagation  properties  of  reaction  in  ternary  sys- 
tem of  NM-UP-wator  was  also  examined  by  card  gup 
test  under  the  same  conditions  as  the  above  men- 
tioned. Figure  6 shows  three  different  regions,  i.e. 
non-initiation,  HVD  only,  and  the  region  both  LVD 
and  HVD  can  exist  on  the  three  component  diagram. 

DISCUSSION 


NK  WEIGHT  PERCENT 


Rig.  .5.  Critical  initiation  pressures  of  NM-UPS-mter 
mixtures. 

I:  NM-UPS  (90%)  mixture. 

II:  NM  and  UPS/I l20“ 80/20. 

HI:  NM  and  UPS/HjO- 60/40. 


HxO 


Rig.  6.  Regions  separated  by  propagation  mode  dif- 
ference in  ternary  mixtures. 

Nl:  non-initiation. 

HVD:  only  HVD  occurs. 

HVD&  i.VD:  both  modes  of  propagation  can  occur. 


UPS  can  be  used  as  oxydizlng  agent  in  the  explo- 
sive mixtures  with  fuels.  Mixture  with  picric-acid  or 
with  nitromethane  is  much  more  powerful  than  nitro- 
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methane  itself  and  its  brisancc  is  almost  equal  to  that 
of  NG. 


These  explosive  mixtures  generally  possess  the  fol- 
lowing characters.  At  first,  they  arc  insensitive  to 
impact  as  verified  in  the  results  of  drop  hammer  test. 
This  may  be  due  to  their  poor  combustibility. 

Secondly,  their  light  emiition  in  detonation  reac- 
tion is  rattier  weak.  Especially,  in  the  case  of  LVD,  it 
was  impossible  to  record  the  detonation  front  trace 
with  our  streak  camera.  To  the  contrary,  LVD  of  NG 
or  methylnitrate  has  bright  detonation  front  and  can 
be  recorded  with  our  streak  camera  easily  (5).  This 
discrepancy  may  be  due  to  low  detonation  tempera- 
ture because  of  small  heat  of  explosion  or  to  some 
unknown  factors. 

Thirdly,  UPS  mixtures  containing  suitable  amount 
of  a detonable  component  such  as  dinitrotoluene, 
picric  acid,  or  nitromethane  have  two  modes  of  deto- 
nation propagation,  i.e.  UVD  and  LVD.  But  mixtures 
with  a non-detonable  component  siiow  only  LVD  at 
least  under  our  experimental  conditions.  HVD  may, 
however,  be  able  to  occur  in  the  condition  of  further 
heavy  confinement  and/or  of  much  larger  diameter. 

It  is  of  much  interest  that  the  mixtures  with  liquid 
amides  have  the  quite  low  shock  sensitivity  in  spite  of 
their  low  velocity  detonation  propagation,  As  shown 
in  Table  2,  the  detonation  velocity  of  the  mixture  of 
UPS-dimethylformamidc  is  about  2 km/sec  and  it 
never  shows  HVD.  Nevertheless,  it  has  high  critical 
initiation  pressure  (about  40  kbar)  which  can  not  be 


explained  in  terms  of  usual  concept  on  LVD.  So  it  is 
concluded  that  this  LVD  in  UPS-dimethylformamide 
mixture  is  clearly  different  from  that  in  NG  or  meth- 
ylnitrate,  although  further  experiments  will  be  needed 
to  confirm  this. 
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A new  explosive  i -( 5-cyanotetrazolato  jpentaummlne  cobalt  (III)  perchlorate,  desig- 
nated  CP,  Is  much  less  sensitive  to  accidental  Initiation  than  primary  explosives  such 
as  lead  azide,  yet  It  can  rapidly  grow  to  detonation  when  properly  confined.  We 
have  made  a study  of  the  most  important  parameters  controlling  ignition  and  sub- 
sequent growth  to  detonation  of  this  explosive  in  test  detonator  hardware.  We 
conclude  that  this  new  material  can  replace  primary  explosives  in  many  hot  wire 
detonator  requirements,  especially  if  safety  considerations  are  of  major  concern. 


The  need  Coi  low  voltugc  detonators  made  from 
inherently  safe  explosives  has  led  to  an  intensive 
search  for  explosives  with  seemingly  contradictory 
properties.  ) he  explosive  should  be  so  difficult  to 
initiate  that  it  is  relatively  insensitive  to  electrostatic 
discharge  and  impact,  and  yet  it  must  bo  so  easily 
initiated  that  the  simple  hot  wire  will  suffice.  It 
j should  be  thermally  stable  enough  to  withstand 

i fairly  high  temperature  requirements,  yet  be  reactive 

j enough  to  grow  to  detonation  rapidly.  In  this  paper 

we  report  a new  material  that  approaches  this  ideal 
case,  and  we  present  results  from  a study  of  certain 
( parameters  that  affect  functional  characteristics. 

I Hot  wire  detonators  made  with  this  material  clearly 

| undergo  dcflagration-to-detonation  transition  (DDT). 

* Our  interest  in  this  material  has  been  recently  boosted 
by  new  safety  requirements,  and  our  experiments 
have  been  dictated  by  a parallel  detonator  develop- 

i ment  program. 

l 

This  now  material  is  one  of  a series  of  new  explo- 
sives investigated  for  a number  of  years  at  Sandia 
>■  Laboratories.  The  general  chemical  formula  of  this 

group  of  coordination  compounds  can  be  given  as 
((NH3)4  C()ln  XYJ  (C 1 04 )n . X and  Y represent 
other  ligands.  The  value  of  n is  determined  by  the 

* formal  electronic  charge  on  X and  Y.  A large  effort 
has  been  devoted  to  synthesizing  and  characterizing 


these  compounds,  but  very  little  information  has 
been  published.  Most  of  the  work  was  done  at  Sandia 
Laboratories  by  various  staff  members,  or  at 
Unidynamics/Phocnix  under  contract  to  Sandia. 
Explosive  characterization  of  these  materials  has,  in 
general,  been  dictated  by  a particular  need.  Basic 
property  studies  have  been  neglected.  For  example, 
the  CJ  pressure  has  been  determined  for  only  one  of 
these  explosives,  ICCP  (isothiocyanatopentaammine 
cobalt  III  perchlorate),  and  the  reported  value  of  8.9 
gigapascals  is  suspiciously  low  ( I ).  At  least  30  com- 
pounds in  this  scries  have  been  synthesized.  Since 
there  arc  so  many,  and  the  chemical  names  arc  so 
clumsy,  acronyms  have  been  assigned  to  most  of  the 
compounds. 

Preliminary  screening  of  the  explosive  properties 
of  these  materials  indicated  thut  three  seem  to  have  a 
desirable  combination  of  properties  for  safety  and 
sensitivity  in  hot  wire  detonators.  These  arc  ICCP, 
modified  CATCP  (catena/i-cyanotetraamminc  cobalt 
ill  perchlorate)  and  CP(  1 -5  cyanotetrazolatopenta- 
ammine  cobalt  III  perchlorate).  Modified  CATCP  is 
relatively  difficult  to  synthesize  and  early  develop- 
ment tests  with  it  suggested  a disagreeable  tendency 
to  corrode  bridgcwircs.  This  compatibility  problem 
was  eventually  traced  to  the  presence  of  free  silver 
ions.  The  bridgewire  corrosion  disappeared  when  the 
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explosive  was  synthesized  by  an  alternate  procedure 
(2).  The  explosive  CP  was  chosen  for  the  study  re- 
ported here  because  it  is  'asily  synthesized,  somewhat 
more  thermally  stable,  and  slightly  less  sensitive  to 
accidental  initiation  than  the  other  two  candidates. 
Figure  1 gives  the  chemical  structure  of  CP. 

The  CP,  as  supplied  by  Unidynamics,  is  a free- 
flowing  gold  or  yellow-orange  powder.  The  loose 
powder  density  is  approximately  0.6  g/cm3,  and  the 
crystal  density  is  approximately  2.0  g/cm3.  The 
crystal  size  ranges  up  to  approximately  500  microns. 
The  powder  can  be  easily  pressed  and  forms  a free 
standing  pellet  without  a binder  at  densities  greater 
than  1 .2  g/cm3.  The  explosive  is  slightly  hygro- 
scopic. The  instantaneous  autoignition  temperature 
has  been  determined  as  340°C,  and  the  explosive 
yield  Is  approximately  equal  to  TNT  for  equal 
weights  (3).  It  is  more  thermally  stable  than  RDX, 
but  somewhat  less  thermally  stable  than  HNS. 


trostalic  discharge,  even  though  a number  of  tests 
have  been  made. 

When  CP  is  pressed  to  a higher  density  a different 
situation  prevails,  as  illustrated  in  Pig.  2.  This  curve 
was  generated  by  charging  a 600-pP  capacitor  and 
spark  discharging  if  through  a 500-ohm  resistor  and 
the  powder  in  series.  A specific  geometry  was  used  in 
which  the  shortest  path  for  a spark  was  always  0.82 
mm.  The  energy  in  the  spark  was  somewhat  arbi- 
trarily determined  by  assuming  10  percent  of  the 
energy  stored  by  the  capacitor  w;is  delivered  into  the 
explosive.  The  magnitude  of  this  curve  is  surely 
geometry  dependent,  but  the  general  trend  is  clear. 
This  material  becomes  increasingly  sensitive  to  initia- 
tion by  electrostatic  discharge  as  the  density  in- 
creases. We  also  note  that  reliable  ignition  from  a hot 
bridgewire  seems  to  require  a density  near  the  wire  of 
about  1.3  g/cm3  or  greater,  No  tests  have  yet  been 
made  to  determine  friction  sensitivity  (5). 


In  the  loose  powder  form  CP  is  a relatively  safe 
explosive.  In  the  Bureau  of  Mines  2 kg  drop  weight 
test,  initiation  occurred  for  one  out  often  samples  at 
49  cm.  Repetitions  of  this  test  with  dif  ferent  lots  of 
powder  have  given  values  as  high  as  65  cm.  In  one 
test,  an  electric  match  immersed  in  four  grams  of 
loose  powder  failed  to  give  a self-sustained  deflagra- 
tion. A 600-pF  capacitor  with  500  ohms  in  series 
charged  to  50  kV  failed  to  ignite  the  loose  powder 
when  a spark  was  discharged  through  It  (4),  In  fact, 
we  have  not  yet  initiated  the  loose  powder  by  elcc- 


fcio^ 


l-(5-cyanotetrazolato)pentaamminc  cobalt  (III) 
perchlorate 


Most  of  our  experimental  results  were  obtained 
using  the  test  hardware  illustrated  in  Pig.  3.  Many 
variables  potentially  affect  the  performance  of  a 
detonator,  and  they  may  be  interdependent.  Our 
approach  was  to  hold  all  variables  constant  at  the 
values  given  in  Pig.  3 except  when  a particular  vari- 
able was  being  studied.  Our  daia  have  been  limited  to 


1 -I.. — -i. ..i.  1. 

0.6  0.8  1.0  1.2 

Demlty  (gm/cm3) 


i. 

1.4  1,8 


Fig.  I.  Chemical  structure  and  name  of  the  explosive  Fig.  2.  Threshold  values  for  initiation  of  one  in  ten 
CP.  samples  at  various  densities. 
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a survey  of  general  trends,  We  define  an  electronic 
function  time,  Te,  as  the  time  elapsed  between  the 
application  of  a firing  pulse  and  the  triggering  of  an 
ion  probe  at  the  output  end  of  the  explosive  column. 
This  time  was  determined  from  oscilloscope  records. 
Most  of  our  work  was  done  with  powder  as  supplied, 
and  the  density  was  maintained  at  a constant  value 
throughout  the  test  detonator,  We  have  made  checks 
with  powder  from  different  sieve  fractions  and  find 
no  discernablc  effect  on  Te  or  the  output.  Output 
was  determined  by  measuring  the  depth  of  the  dent 
created  in  a steel  block, 

The  effect  of  density  on  functional  characteristics 
is  shown  in  Fig.  4 for  a constant  tiring  current  of  10 
A.  Figure  4a  gives  function  time  vs.  density  and  Fig, 
4b  gives  output  vs.  density.  The  sharp  drop  shown  by 
the  density  curve  suggests  that  Cl*  does  not  grow  to 
detonation  from  a hot  wire  for  a column  of  these 
dimensions  if  the  density  is  too  high.  Much  of  the 
electronic  function  time  is  used  in  heating  the  bridge- 
wire  and  igniting  the  powder,  The  smooth  decrease 
in  Tc  on  this  curve  probably  reflects  a shorter  igni- 
tion due  to  the  increasingly  intimate  contact  be- 
tween the  powder  and  the  brldgewirc  with  increasing 
density,  and  perhaps  faster  deflagration  rates.  As  a 
result  of  these  curves,  all  further  work  reported  here 
was  done  for  a Cl*  density  of  1 .4  g/cm3 . 

It  is  interesting  to  speculate  on  a mechanism  for 
the  failure  to  achieve  detonation  at  higher  densities, 
According  to  Belyaev,  et  al.,  (6),  DDT  in  a pressed 
explosive  depends  on  the  rate  of  pressure  change 
during  deflagration  and  the  shock  sensitivity  of  tire 
explosive,  Furthermore,  above  a given  density,  it 
becomes  more  and  more  difficult  to  shock  initiate 


Brifi9«w;rft  ij  0.033  mm  by  0.51  mm 
•vanohrn.  Detonator  O.D.  ~ 0.80  cm, 
I.D.  ~ 0.1  DU  cm,  Length  of  Explosive 
Column  - 0.95  r.m 

Fig.  3,  Test  detonator  hardware. 


many  explosives.  If  the  deflagration  rate  does  not 
increase  as  fast  with  density  as  does  the  minimum 
shock  initiation  pressure,  DDT  may  not  occur. 

The  effects  of  changes  in  the  containment  fixture 
and  explosive  column  length  are  given  in  Figs.  5 and 
6.  Figure  5 clearly  indicates  that  a certain  maximum 
wall  tiiickncss  (i.e,,  containment)  is  necessary  for 
growth  to  detonation  in  this  fixture.  Figure  6 sug- 
gests a column  length  of  about  8 to  10  mm  is  desira- 
ble. The  variation  of  function  time  with  current  was 
determined  for  CP  and  for  lead  azide  pressed  in  the 
fixture  with  a pressure  of  68.95  MPa.  Figure  7 gives 


Density  lgm/cm3) 
ib) 

Fig.  4.  The  effect  of  density  on  output  and  function 
time  for  a 10  A firing  signal. 
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Fig.  7.  The  effect  of  different  firing  current  on  the 
function  time  of  CT  (open  wide)  and  lead  azide 
(squares). 


the  results.  Lead  azide  functions  about  twice  as  fust 
as  CP  over  this  range. 

Wc  have  also  examined  the  effect  of  temperature 
and  bridgewire  diameter  on  Te.  Temperature  has  a 
small  effect.  For  a 10-A  firing  signal,  Te  varies  by 
only  about  10  percent  within  the  temperature  range 
of  75  to  475  K,  In  order  to  explore  the  minimum  Te, 
smaller  and  smaller  bridgewiros  were  used  with  a 
constant  10-A  firing  signal.  The  results  are  shown  in 
Fig.  8.  Extrapolation  of  the  curvc-to-zero  wire  di- 
ameter suggests  that  the  ignition  and  subsequent 
growth  to  detonation  (assuming  zero  time  required 
for  heating  the  bridgewire)  is  very  short,  perhaps  less 
than  10  ps  at  a donsity  of  1 .4  g/cm3. 

Any  hot  wire  detonator  using  CP  would  be  a DDT 
device.  With  tills  consideration,  a large  standard 
deviation  in  function  time  for  a given  detonator  con- 
figuration might  be  expected.  We  have  fired  a num- 
ber of  prototype  units  designed  to  function  at  about 
75  ps  and  a standard  deviation  of  1 2 /is  was  deter- 
mined. 

CP  is  a very  well  behaved  and  interesting  material. 
It  can  apparently  replace  more  sensitive  materials 
such  as  lead  azide  in  many  applications,  especially  if 


Fig.  8.  The  effect  of  bridgewire  diameter  on  function 
time  for  a constant  firing  current  of  JO  A. 

safety  is  of  major  concern.  It  is  not  cleur  that  very 
small  hot  wire  detonators  cun  be  made  with  it  but  wc 
have  made  no  effort  to  minimize  size.  We  hope  to 
pursue  a more  busic  study  of  this  material  and  more 
closely  examine  the  DDT  process  and  determine  the 
llugoniot,  CJ  parameters,  physical  properties,  and 
chemical  thermodynamic  and  kinetic  properties. 
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A high-temperature  resistant  exploding  brldgewire  detonator  is  described.  The 
explosive  Is  BTX,  which  shows  no  exotherm  below  the  melting  point  263° C\  and  is 
stable  In  vacuum  stability  tests  at  a temperature  exposure  of  at  least  1 75°  C for  90 
days.  'The  energy  required  is  higher  than  Is  used  for  PliTN  detonators.  Design 
studies  are  being  made. 


big.  I,  (5,  7,-dinitro-l-picrylbcn7.otriuzolc). 


Melting  Point 
DTA 

Vacuum  Stability 


Impact  Sensitivity 

Spark  Sensitivity 
Friction  Sensitivity 
Crystal  Density 
Detonation  Velocity  (calc) 
C-J  Pressure  (calc) 


263°C 

Stable  to  melting  pt. 

1 .0  m3/Mg  ( 1 .0  mK/g) 
48  li  at  200° C 

1 .3  m3/Mg  (1 .3  mK/g) 
91  days  at  175UC 
Type  12  - 350  mm 
Type  1 2B  - 330  nun 
0.48  J,  76-junt  foil 
Neg.  at  all  angles 
1 .74  Mg/m3 
7170  m/s 
23.4  GPa 


I.  INTRODUCTION 

Exploding  bridgowlre  (FBW)  detonators  that  con- 
tain PETN  have  a temperature  limit  of  100°C  or  less, 
depending  on  the  length  of  exposure  and  other 
considerations.  Improved  capability  is  obtainable 
with  KDX,  but  the  effective  gain  is  small,  HMX  has  a 
high  melting  point  ('v  280°C),  but  above  100°C  phase 
cltanges  occur  with  important  changes  in  crystal 
density.  RDX  and  MMX  have  very  poor  vacuum 
stability  at  1 50°C.  HNS  of  high  purity  is  heat 
resistant,  but  the  energy  required  for  its  initiation  by 
an  EBW  may  be  unacceptable  for  some  applications. 
Thus,  a search  for  a more  suitable  explosive  has  con- 
tinued. This  report  covers  a preliminary  study  of  an 
explosive,  BTX,  which  appears  to  make  available  a 
truly  high-temperature  detonator. 

II.  BTX  EXPLOSIVE 

The  preparation  of  BTX  is  described  by  M.  D. 
Coburn  in  “Nitro  Derivatives  of  1 -Picrylbcnzotriazole,” 

J.  Heterocyclic  Chem  10,  p.  743  (1973), 

The  structure  and  properties  of  BTX  are  shown  in 
Fig.  1 . 


*Wotk  performed  under  the  auspices  of  the  U.S.  Energy 
Research  & Development  Administration 


The  differential  thermal  analysis  (DTA)  for  BTX 
used  in  this  work  is  shown  in  Fig.  2. 
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0 50  100  150  200  250  300  350  400 

Tumporaturo  (*C) 

Fig.  2.  BTXDTA.  20° C/min  healing  rate. 

TABLE  l 


1 75" C Temperature  Vacuum  Stability  Texts  (1) 
Time  of  Exposure  (days) 


Total  Gas  Evolved  (m3/Mgat  STP.  Average  of  two  samples.) 

Mditl  I til 

2 

7 

14 

21 

28 

35 

42 

49 

56 

63 

70 

77 

84 

lZL 

BTX 

0.2 

0.3 

0.4 

0.4 

0.5 

0.6 

0.7 

0.8 

1.0 

1.1 

1.1 

1.2 

1.2 

1.3 

HMX 

3.1 

31.2 

HNS 

0.2 

0.4 

0.5 

0.6 

0.7 

0.8 

0.8 

0.9 

1.0 

1.1 

1.1 

1.2 

1.2 

1.2 

RDX 

4.2 

15.1 

TATB 

0.3 

0.4 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.4 

1.5 

1.6 

Vacuum  stability  test  data  at  175°C  are  given 
below  in  Table  1 for  BTX  and  four  other  explosives. 

When  BTX  is  prepared  originally  it  is  formed  in 
large  platelet  crystals  of  less  than  100-m2/kg  specific 
surface.  BTX  is  soluble  in  acetone,  but  insoluble  in 
water,  and  the  original  BTX  was  rccrystallizcd  by  the 
rapid  addition  of  water  to  a BTX/acctone  solution. 


Batches  of  various  specific  surfaces  then  were  pro- 
duced for  evaluation.  BTX  scanning  electron  micro 
graphs  arc  shown  in  Fig.  3. 

III.  FIRING  CONDITION 
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The  firing  unit  used  a 3-pf  capacitor  charged  to 
7 kV  to  initiate  one  detonator  in  the  preliminary 


1000  X 1000  X 

M00-m2/kg  specific  surface  -v2200-m2/kg  specific  surface 

Fig.  3.  Scanning  electron  micrographs  of  BTX. 


work.  In  subsequent  tests  the  voltage  was  reduced, 
and  two  detonators  were  initiated  by  the  same  firing 
unit. 

IV.  EXPERIMENTAL  DETONATOR 

The  work  was  done  with  SE-1  assemblies  which 
were  modified  to  have  larger  diameter  bridgewires 
than  normal.  The  configuration  is  shown  in  Fig.  4, 


V.  EBW  INITIATION  STUDIES 

It  first  was  determined  that  the  BTX  could  be 
initiated  by  a bridgcwirc.  An  ionization  pin  was 
placed  over  the  face  of  the  initial  pressing  in  place  of 
the  pellets  shown  in  Fig.  4,  and  the  transit  time  (tT) 
from  start  of  current  to  closure  of  the  pin  was 
measured. 


BTX  Pellets 


7. 6- nun  diam  by  2 . 5-rtun  long 

1.6- Mg/m1  density 
1.4-Mg/m1  density 
1.2-Mg/rn1  density 

BTX  Initial  Pressing 

7.6- min  diam  by  6.4-111111  long 
Density  varied 

Au  Bridgewire 
130-um  diam 

Bridgewire  length  varied 


SE-1  Brass  Sleeve,  Plastic 
Hoad,  and  Electrical  Leads 


Fig.  4.  Modified  SE-1  detonator,  BTX  study. 
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’ .2th  an  initial  pressing  density  of  0.90  Mg/m3,  the 
* sit  time  was  found  to  average  2.2  pis  when  two 
detonators  were  fired  in  parallel  at  a 7.0-kV  firing 
voltage.  For  comparison,  the  time  for  PETN  initial 
pressings  loaded  into  identical  assemblies  and  fired  in 
the  same  way  was  2.0  pis.  From  this  i.  was  concluded 
that  the  B'l’X  was  initiated  promptly. 

Most  of  the  tests  were  made  with  a 3TX  specific 
surface  of  approximately  2200  m2/kg:  tr'ns't  time 
varied  slightly  from  batch  to  batch.  With  a 9Q0-m2/kg 
specific  surface  the  detonator  performance  was  poor 
and  indicated  a high  threshold.  With  the  \»  i00-rn2/kg 
platelet  crystals  if  the  originally  prepared  BTX,  usi  ;g 
the  EBW  test  condition  described  above,  ail  detona- 
tors failed. 

Electrical  measurements  were  made  at  one  test 
condition.  The  bridgewiie  ourst  current  at  7 0 kV 
was  found  to  be  7 kA  and  tne  burst  power  was  1 5 
MW,  using  two  detonators  in  parallel  and  a 130-ptm- 
diarn  by  1 -mm  long  gold  bridgeware. 

A bridgeware  length  study  was  made  which  showed 
that  the  voltage  threshold  with  a 0.5-mm-long  bridge 
w?s  5.0  kV,  but  with  a 1 -mm  length  it  was  reduced 
to  3.0  kV.  With  a 1 .j-nnn  length  the  initia . on  delay 
at  the  bridge  was  reduced  for  the  firing  voltages 
be'ow  7.0  kV,  although  threshold  remained  at  3.0  kV. 
At  2.'  -mm  length  no  further  improvement  was  seen. 


VI.  BOOSTER  PELLET  INITIATION 

The  ability  cf  a BTX  initial  pressing  to  initiate  a 
high-density  pellet  was  studied.  The  initiation  of  a 
1.60-Mg/ir3  density  BTX  pellet  was  marginal.  The 
staged  pellet  density  arrangement  shown  in  Fig.  4 
was  found  to  perform  acceptably  in  most  tests; 
simpler  designs  probably  can  be  made.  Initiation 
delay  in  the  1 .2-Mg/m3  pellet  was  'V  0.2  pis,  but  was 
small  m the  other  pellets. 


V5I.  PLATE  DENT 

A comparison  is  shown  in  Fig.  5 of  the  plate  dent 
produced  in  a 6-mm-ihick  Dural  plate  by  a BTX 
detonator  and  a PETN  detonator,  both  built  as 
shown  in  Fig.  4.  The  dent  from  the  PETN  detonator 
is  a little  larger  due  to  its  higher  detonation  pressure 
(33  GPa)  compared  to  the  pressure  for  BTX  (23.4 
GPa). 


VIII.  HIGH-TEMPERATURE  EXPOSURE 

BTX  powder  was  heated  at  175°C  for  50  hours, 
and  then  was  ioaded  into  SE-1  detonators.  The  test 
was  done  in  this  manner  since  we  wanted  to  assess 
the  effect  on  BTX  alone  and  not  that  in  combi"  .ion 
with  the  SE  1 detonator.  In  addition,  we  do  not  have 
detonator  hardware  capable  of  withstanding  high 
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Fig.  5.  Plate  dent  comparison. 
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temperatures.  With  PETN  the  effect  of  heating  is 
nearly  the  same  whether  the  powder  is  heated  before 
or  after  loading.  The  test  data  are  shown  in  the  tT  vs 
voltage  curves  of  Fig.  6.  After  the  heat  exposure  the 
specific  surface  changed  to  1700  m2/kg.  Only  a small 
effect  was  observed  on  detonator  timing  and  on 
voltage  threshold  in  comparison  with  the  unheated 
material. 

IX.  DENSITY  THRESHOLD 

Using  the  firing  condition  that  was  described  pre- 
viously, the  density  threshold  of  BTX  was  determined 


for  two  test  conditions:  two  detonators  per  test,  or 
one  detonator  per  test,  at  ambient  temperature.  The 
data  are  shown  in  the  curves  of  Fig.  7.  A higher 
initial  pressing  density  than  0.90  Mg/m3  is  feasible 
with  BTX,  depending  on  other  design  requirements. 

X.  CONCLUSION 

It  is  believed  that  a practical  EBW  detonator 
which  contains  only  BTX  can  be  made  for  applica- 
tions that  require  a high-temperature  capability.  The 
BTX  detonator  probably  will  require  a larger,  higher 
voltage  firing  unit  than  is  required  for  PETN  EBW 
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detonators.  It  appears  that  the  BTX  detonator  itself 
will  need  to  be  somewhat  larger  than  PETN  detona- 
tors. We  arc  conducting  design  studies  to  improve 
the  configuration  of  detonator  components  and  to 
reduce  the  initiation  delays.  Tests  that  use  the  flying 
plate  mode  also  are  being  done  since  it  is  believed  to 
be  more  efficient  than  the  EBW  mode  for  the  less 
sensitive  explosives. 
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PHYSICAL,  STABILITY,  AND  SENSITIVITY  PROPERTIES 
OF  LIQUID  EXPLOSIVES* 


K.  Scribner,  R.  Elson,  R.  Fyfe,  and  J.  P.  Cramer 
Lawrence  Livermore  Laboratory 
University  of  California 
Livermore,  California  94SS0 


L iquid  explosives  are  of  interest  as  carriers  for  a new  class  of  extrudable  explo- 
sives. Thirty-six  liquids,  most  of  them  new,  are  characterized  as  to  physical  prop- 
erties, stability,  and  sensitivity.  ADDF  (1,  4,  4,  10, 10, 1 3-hexafluoro-l , 1,  7,  7, 13, 
13-hexanitro-3,  5,  9,  1 1-tetraoxotridecane)  and  the  eutectic  mixture  of  MFF  and 
TFMFF  (1,  4,  4,  7,  7-pentafluoro-l,  1,  7-trinitro-3,  5-dioxoheptane  and  1,  1, 1,  4, 

4,  7-hexafluoro-7,  7-dinitro-3,  5-dioxoheptane)  are  the  most  useful  carrier  liquids  of 
those  studied.  They  both  are  characterized  by  a melting  point  near  -50° C,  density 
of  1.65  g/cml  or  greater,  excellent  thermal  stability,  low  vapor  pressure,  and  very 
low  sensitivity  when  tested  on  our  drop  hammer  and  by  means  of  a new  low- 
velocity-detonation  (L  VD)  screening  test. 


INTRODUCTION 

Extrudable  compliant  explosives  can  be  made  by 
mixing  a crystalline  explosive  with  an  energy- 
contributing  liquid  and  a gelling  agent.  They  are  of 
interest  for  several  reasons: 

• They  are  much  less  sensitive  to  impact  than 
rigid  explosives  of  comparable  energy.  With  the 
proper  selection  of  the  crystalline  explosive  and 
the  liquid  carrier,  compliant  explosives  have 
been  made  with  120%  of  the  energy  of  Comp  B, 
Grade  A. 

• They  are  simpler  to  fabricate  and  use  than 
plastic-bonded  explosives  that  must  be  pressed, 
machined,  and  assembled. 

• They  can  have  unique  applications.  In  nuclear 
weapons,  for  example,  the  explosive  can  be 
stored  away  from  the  fissile  material  so  that 


•This  work  was  performed  under  the  auspices  of  the  U.S. 
Energy  Research  & Development  Administration,  under 
Contract  No.  W-7405-Eng-48. 


in  case  of  accidental  detonation,  the  toxic 
fissile  material  would  not  be  scattered  over  the 
countryside. 

We  screened  certain  existing  and  newly  synthesized 
liquids  for  use  as  carrier  liquids  for  compliant  explo- 
sives. This  report  presents  some  of  the  physical, 
stability,  and  sensitivity  properties  of  these  liquids. 
For  simplicity  of  reference,  we  use  a designator 
rather  than  the  full  chemical  name  of  the  liquid. 

These  abbreviations  are  listed  in  Table  1 , which  also 
gives  the  chemical  name,  the  atomic  composition, 
and  the  synthesizer  of  each. 


PHYSICAL  PROPERTIES 

The  physical  properties  of  the  liquids  are  listed  in 
Table  2 They  were  determined  on  material  purified 
by  a simple  vacuum-line  distillation  or  by  thorough 
removal  of  solvent  by  heating  on  the  vacuum  line. 

• Purity.  Analysis  for  purity  was  done  by 
chromatographic  methods  and,  in  several  cases, 
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TABLE  1 


Designator  Identification 


Designator 

Chemical  Name 

Atomic 

Composition 

Source 

ADDF 

1,4,4, 10, 10, 13-hexafluoro-l,  1,7,7, 13, 13  hexanitro- 
3,  5,9, 1 1-tetraoxotndecane 

c9h8f6o16n6 

SRI 

BTFMA 

1-fluoro-l , l-dinitro-4,  4-bis(trif!uoro\ 
dioxohexane 

c6h5f7o6n2 

NSWC 

DFB 

2,  2-difluoro-2-nitrocthyl-5,  5-difluoro-2-(3‘  ‘oro- 

3'-nitro-l-oxopropyl)-5,  5-dinitro-3-oxi  A-">te 

C8H7F6O10N3 

NSWC 

DFF 

Bis(2-fluoro-2, 2-dinitroethyl)difluoroforrnai 

C5H4F4O10N4 

SRI 

DFNT 

2, 2-difluoro-2-nitroethyl  trifluoromethane-sulfonate 

C3H2F505NS 

FLUOROCHEM 

DNPP 

2, 2-dinitropropyl  perciilorate 

C3H508N2C1 

FLUOROCHEM 

EDNP 

Ethyl  4, 4-dinitropentanoate 

C7H1206N2 

CORDOVA 

FDA 

Bis(2-fluoro-2,  2-dinitroethyl)  acetal 

C6H8F2OioN4 

NSWC 

FDE 

1,1, 4-trifluoro-l , 4,  4-trinitro-3-oxobutanc 

C3H2F307N3 

NSWC 

FDEE 

1 , 5-difluoro-l  ,1,5,  5-tetranitro-3-oxopentane 

C4H4F209N4 

FLUOROCHEM 

FDNE-A 

1 , 9-difluoro-l , 1 , 5,  5, 9, 9-hcxanitro-3, 7-dioxononane 

c7h8f2014n6 

FLUOROCHEM 

FDNE-N 

2-fluoro-2,  2-dinitroethyl  nitrate 

c2h2fo7n3 

FLUOROCHEM 

FDNE-S 

Bis(2-fluoro-2, 2-dinitrocthyl)  sulfate 

C4H4F20j;N4S 

FLUOROCHEM 

FDNEP 

2-iluoro-2, 2-dinitroethyl  perchlorate 

c2h2fo8n2ci 

FLUOROCHEM 

FEFO 

Bis(2-fluoro-2,  2-dinitroethyl)  formal 

c5h6f2o10n4 

ROCKETDYNE 

FTE 

1,1,1, 4-tctrafluoro-4, 4-dinitro-3-oxobutanc 

c3h2f4o5n2 

NSWC 

GBFO 

1, 1 2-difluoro-l , 1,  12, 12-tctranitro-3,  5,8, 10- 
tetraoxododecanc 

c8h12f2o12n4 

ROCKETDYNE 

MA 

1,1, 7-trinuoro-4-incthyl-l , 7,  7-trinitro-3,  5-dioxoheptanc 

C6HgF308N3 

NSWC 

MF 

1,1, 7-trinuoro-l , 7, 7-trinitro-3,  5-dioxoheptane 

C5H6F308N3 

NSWC 

MFDNB 

Methyl  4-fluoro-4, 4-dinitrobutyrate 

c5h7fo6n2 

NSWC 

M-FEFO 

1 , 7-difluoro-4-(l-oxomethyl)-l , 1 , 7,7-tetranitro-3, 
5-dioxoheptane 

C6H8F20nN4 

FLUOROCHEM 

MFF 

1,4,4, 7,  7-pen tafluoro-1 , 1 , 7-trinitro-3,  5-dioxoheptane 

C5H4F508N3 

SRI 

OTTO 

1,1, 1,7,7,  13,  13, 13-octaf)uoro-4, 4,  10, 10- 
tetranitro-2,  6,  8, 12-tetraoxotridecane 

C9H8F80i2N4 

SRI 

REX-20 

2,2, 2-trifluoroethyl4-fluoro-4, 4-dinit  robuty  rate 

c6h6f4o6n2 

ROCKETDYNE 

SRM 

1,1,1  -trifluoro4, 4, 4-trinitro-2-oxobutane 

C3H2F307N3 

SRI 

SRI-2 

1,1,1, 4-tetrafluoro4, 4-dinitro-2-oxobutane 

C3H2F405N2 

SRi 

TABLE  1 


Designator  Identification  - Continued 


SRI-3 

1,1,  l-trifluoro-4,  4-dinitro-2-oxopentane 

C4H5F3O5N2 

SRI 

SRI-4 

1, 1 , 1 , 7,  7,  7-hexafluoro-4, 4-dinitro-2, 6-dioxoheptane 

C5H4F606N2 

SRI 

SRI-5 

1-fluoro-l,  1, 3,  3-tetranitro-5-oxohexane 

C5H7F09N4 

SRI 

SYEP 

4, 4-Bis(difluoramino)-l , 7-difluoro-l  ,1,7,  7-tetranitro- 
3,  5-dioxoheptane 

C5H4F6O10N4 

SRI 

TDPF 

1, 1, 1, 13, 13,  13-hexafluoro-4, 4, 10, 10-tetranitro-2, 
6,8,1 2-tetraoxotridecane 

C9H10F6°12N4 

SRI 

TFA 

1 , 7-difluoro-l  ,1,7, 7-tetranitro-4-trifluoromethyl-3, 
5-dioxoheptane 

c6h5f5o10n4 

NSWC 

TFMA 

1-fluoro-l,  l-dinitro-4-trifluoromethyl-3,  5-dioxohexane 

CsH6F406N2 

NSWC 

TFMDA 

l-fluoro-4-difluoronitromethyl-l , l-dinitro-4- 
trifluoromethyl-3,  5-dioxoheptane 

^6^5  F5O8N3 

NSWC 

TFMFF 

1 , 1 , 1 , 4, 4, 7-hexafluoro-7, 7-dinitro-3,  5-dioxoheptane 

c5H4F6o6N2 

SRI 

TTF 

1,1,1  -trifluoro-7,  7, 7-trinitro-3, 5-dioxoheptane 

c5h6f3o8n3 

NSWC 

it  was  checked  by  proton  and/or  fluorine  NMR. 

• Density.  Densities  were  either  reported  by  the 
source  or  determined  by  weighing  in  a micro- 
pipette. 

• Melting  Point.  The  melting  point  was  deter- 
mined by  crystallizing  the  material  in  3-mm 
capillaries  and  warming  at  1°C  per  min  in  a 
stirred,  clear  Dewar.  The  reported  temperature 
is  that  of  last  melting. 

• Boiling  Point.  Boiling  points,  or  vapor  pres- 
sures, are  those  reported  by  the  synthesizer  of 
tiie  material. 

• Kf.  The  molal  freezing-point  lowering  constant 
Kf  (1)  was  determined  using  two  diluents  at 
concentrations  of  2, 4,  and  6 volume  percent. 

• Viscosity.  Viscosities  were  determined  using  a 
Haake  Roto  Visco  RV  3*  at  shear  rates  of  0.5 
to  5364  per  second.  They  are  shown  in  Fig.  1 . 


•Reference  to  a company  or  product  name  docs  not  imply 
approval  or  recommendation  of  the  product  by  the 
University  of  California  or  the  U.S.  Energy  Research  and 
Development  Administration  to  the  exclusion  of  others 
that  may  be  suitable. 


The  melting  point  of  ADDF  is  of  considerable 
interest.  Although  the  material  was  probably  never 
obtained  in  a crystalline  form,  a number  of  bits  of 
indirect  evidence  strongly  suggest  a melting  point  of 
-50  ± 10°C. 

The  trends  in  these  physical  properties  confirm 
the  known  effects  of  substituent  groups  (i.e.,  replace- 
ment of  H by  F or  NF2  lowers  the  melting  point, 
raises  the  density,  and,  for  F,  lowers  the  boiling 
point).  Also,  asymmetric  molecules  melt  at  lower 
temperatures  than  symmetric  ones.  Many  of  the  new 
liquids  synthesized  in  the  latter  portion  of  the  pro- 
gram were  designed  to  take  advantage  of  these  effects. 

A number  of  binary  mixtures  were  exar.mied  fm 
melting  points.  These  are  listed  in  Table  3. 


STABILITY  AND  SENSITIVITY  PROPERTIES 

Tire  results  of  the  chemical  reactivity  test  (CRT), 
differential  thermal  analysts  (DTA)  and  drop  hammer 
tests  are  listed  in  Table  4. 
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TABLE  2 


Physical  Properties  of  the  Liquids 


Designator 

Purity 

(%) 

Density 

(g/cm3) 

M.P. 

C C) 

BP. 

(°C/Torr) 

Kf 

ADDF 

>96 

|B 

-so? 

85/10-6 

_ 

BTFMA 

— 

HaH 

-19 

— 

— 

DFB 

— 

-2 

— 

— 

DFF 

99+ 

1.670 

-17.5 

83/0.3 

3.5 

DFNT 

>95 

1 .690 

-50 

48/13 

— 

DM' 

— 

1.629 

-25 

25/0.01 

5.6 

EDNP 

99+ 

1.28 

-5 

83/0.05 

14 

FDA 

>98 

1.52 

-7 

— 

FDE 

>97 

1.650 

-33 

200/760 

FDEE 

>97 

1.629 

9.5 

100/0.4 

— 

FDNE-A 

>95 

1.640 

21 

100/10-3 

— 

FDNE-N 

97 

1.642 

-1 

62/5 

— 

FDNE-S 

98 

1.704 

-14 

100/2.5  X 10-2 

— . 

FDNEP 

— 

1.704 

-35 

20/0.01 

4 

FEFO 

99+ 

1.607 

14.5 

110/0.3 

~80 

FTE 

— 

1.60 

-47 

150/760 

— 

C-BFO 

— 

1.495 

-40? 

149/5  X IO-3 

— 

MA 

>97 

1.500 

-43? 

— 

— 

MF 

>98 

1.560 

-22 

80/0.1 

— 

MFDNB 

95 

1.400 

3 

75/0.2 

— 

M-FEFO 

>97 

1.540 

• '0? 

127/0.3 

— 

MFF 

99+ 

1.680 

-34 

39/6  X IO-3 

— 

OTTO 

98 

1.665 

81/0.01 

— 

REX-20 

95 

1.534 

8 

80/15 

— 

SRI-1 

— 

1.650 

— 

65/15 

— 

SRI-2 

— 

1.590 

-63 

51/35 

— 

SRI-3 

— 

1.480 

-21 

25/0.4 

— 

SRI-4 

— 

1.620 

l 

U> 

CO 

27/1 

— 

Sill-5 

— 

1.550 

~15 

85/0.4 

— 

SYEP 

97.5 

1.691 

-2 

110/10"5 

— 

TDPF 

— 

1.590 

(1)  6.5* 

(2)  15 

135/0.01 

— 

iFA 

— 

1.65 

-i 

— 

— 

TFMA 

— 

1.53 

-17 

— 

— 

TFMDA 

— 

1.65 

-11 

— 

— 

TFMFF 

99+ 

1.620 

-36 

21/6  X 10"3 

— 

TTF 

- 

1.54 

-14 

- 

- 

♦Appeared  to  exist  in  two  modifications. 


CRT.  In  CRT  (2),  a 0.25-g  sample  is  heated  at  393 
K ( 1 20°C)  for  22  h in  an  atmosphere  of  He . A two- 
stage  chromatography  unit  is  used  to  measure  the 
volumes  of  N2  + O2,  NO  + CO,  N2O  and  CO2  evolved. 


DTA.  The  DTA  compares  the  temperature  of  the 
(10-  to  ?0-mg)  test  cample  to  that  of  a similar 
reference  sample  while  both  are  being  heated  in  the 
same  environment  at  10°C/min.  Differences  in 
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no-go  criterion  is  based  on  an  arbitrary  sound  level 
produced  on  impact.  The  result  of  the  test  is  sum- 
marized as  H50 , the  height  in  cm  at  which  the 
probability  of  explosion  is  50%. 

As  has  been  noted  by  others,  fluorodinitro  and 
difluoronitro  groups  are  generally  more  thermally 
stable  than  trinitro,  difluoramino,  or  nitrate  groups, 
and  formats  and  acetals  are  more  stable  than  ethers 
and  esters.  The  drop  hammer,  although  considered 
only  qualitative,  did  show  gross  differences  similar  to 
the  results  of  the  low-velocity  detonation  (LVD)  test. 
It  should  be  noted  that  the  two  perchlorates  tested 
were  extremely  sensitive,  but  that  all  other  liquids 
tested  were  less  sensitive  than  FEFO,  a plasticizer 
used  at  the  Lawrence  Livermore  Laboratory  and 
elsewhere. 


LOW- VELOCITY  DETONATION:  A SCREENING 
TEST  (3) 

We  initiated  the  compliant-explosives  program 
using  FEFO  and  EDNP  as  carrier  liquids.  During  the 
procescing,  particularly  with  FEFO,  we  noticed  thin 
films  of  the  liquid  carrier  forming  on  the  processing 
equipment.  We  became  concerned  about  safety, 
since  nearly  all  liquid  HC’s  can  undergo  LVD  in  thin 
films.  None  of  the  available  screening  tests  for 
sensitivity  to  LVD  were  definitive  enough  for  our 
purposes,  so  we  developed  a new  rest  based  on  the 
tapered-thickness-film  work  of  Ribovich  (4).  We 
chose  to  use  a variable-output  donor  system  with  near 

TABLE  3 


Melting  Point  of  Binary  Mixtures 


Component 

A 

Mole  % 

A 

Component 

B 

M.P. 

(°C) 

Comments 

11.  . 

DFF 

53 

FDA 

-29 

Eutectic 

FEFO 

25 

FDA 

-15 

Eutectic 

FEFO 

~14 

DFF 

-23 

Eutectic 

FEFO 

~82 

DFF 

-25 

Eutectic 

FEFO 

~ 

EDNP 

-24 

Lowest  melting 
composition 

DFF 

— 

EDNP 

-22 

Lowest  melting 
composition 

FDNEP 

~50 

DNP.P 

-50 

Eutectic? 

MFF 

~50 

TFMFF 

-53 

Eutectic? 

temperature  reflect  heat  absorption  or  evolution  by 
the  test  sample. 

Drop  Hammer.  Our  drop  hammer  is  an  ERDtype 
impact  machine  using  a 2.5-kg  weight.  A series  of 
drops  are  made  from  different  heights,  and  a go  or 


Fig.  1.  Viscosity  as  a function  of  temperature  of 
three  liquid  high  explosives. 
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TABLE  4 


Designator 


ADDF 

BTFMA 

DFB 

DFF 

DFNT 

DNPP 

EDNP 

FDA 

FDE 

FDEE 

FDNE-A 

FDNE-N 

FDNE-S 

FDNEP 

FEFO 

FTE 

GBFO 

MA 

MF 

MFDNB 

M-FEFO 

MFF 

OTTO 

REX-20 

SRJ-1 

SRI-2 


Stability  Properties  of  Liquids 


CRT,  (cm3) 


DTA,  1st  exotherm 


TFA 

TFMA 

TFMDA 

TFMFF 

TTF 


N2  + 02  NO  + CO  N20  C02  Total  Starts  (°C)  Max  (°C)  H50  (cm) 


>177 

>177 

<3.2 

>177 


~75 

— 1 58 
>100 

— 1 60 
<2.0 
28 


zero  attenuation,  whereas  Ribovich  used  a constant 
donor  with  variable  attenuation. 

Six  liquids  of  potential  interest  as  carriers  were 
tested  along  with  nitroglycerine,  which  was  used  as  a 


reference.  The  results  are  listed  in  Tabie  5.  The 
pressures  shown  are  those  in  the  attenuator  at  the 
liquid-attenuator  interface.  W is  the  weight  percent 
PETN  in  the  donor  pellet  (defined  later);  the  last  two 
columns  indicate  whether  HVD  or  LVD  occurred  in  a 


I 
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TABLE  5 


Results  of  the  L VD  Screening  Test 


liquid 

d-max 

(mm) 

W 

(wt%) 

P 

(GPa) 

HVD 

LVD 

Threshold 

NG 

1.6 

20 

Yes 

Yes 

FEFO 

1.6 

30 

No 

No 

40 

No 

No 

45 

8.9 

No 

Yes 

LVD 

50 

9.8 

No 

Yes 

55 

10.6 

No 

Yes 

60 

11.4 

.a 

Yes 

75 

13.8 

_a 

Yes 

90 

16.3 

_a 

Yes 

95 

17.1 

Yes 

Yes 

HVD 

100 

17.9 

Yes 

No 

DFF 

1.6 

100 

17.9 

No 

No 

3.2 

50 

9.8 

No 

No 

60 

11.4 

No 

No 

65 

12.2 

No 

No 

70 

13.0 

.a 

No 

75 

13.8 

»a 

No 

85 

15.5 

_a 

-b 

90 

16.3 

_a 

Yes 

LVD 

95 

17.1 

_a 

_b 

100 

17.9 

Yes 

No 

HVD 

ADDF 

1.6 

100 

17.9 

No 

No 

3.2 

79 

13.0 

No 

No 

80 

14.6 

No 

No 

90 

16.3 

No 

No 

100 

17.9 

No 

No 

MFF 

1.6 

100 

17.9 

No 

No 

3.2 

100 

17.9 

No 

No 

TFMFF 

1.6 

100 

17.9 

No 

No 

3.2 

100 

17.9 

No 

No 

50/50 
Eutectic 
of  MFF/ 
TFMFF 

3.2 

100 

17.9 

No 

No 

aHVD  ignited  then  quenched  without  ever  spreading  the  full  width 
of  the  shot  tray.  See  Fig.  3. 

°inconclusive  evidence. 


particular  test:  d-max  is  the  liquid  thickness  at  the  THE  TEST  ARRANGEMENT  AND  PROCEDURE 

donor-liquid  interface. 

Table  6 lists  the  minimum  liquid  film  tliickness 
below  which  HVD  or  LVD  failed  to  propagate. 
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The  base  for  our  shot  tray  was  a flat  6061 -T6 
aluminum  alloy  plate,  12.7  mm  thick,  50.8  mm  wide, 
and  380  mm  long.  Polymethylmethacrylate  (PMMA) 


TABLE  6 


Detonation  Failure  Thickness 


Liquid 

. 

HVD 

(mm) 

LVD 

(mm) 

NG 

0.6 

0.0 

FEFO 

0.9 

0.0 

DEF 

2.8 

0.2 

was  used  on  the  sides  and  a 0.5-mm  thick  piece  of 
epoxy  was  fixed  to  one  end  to  confine  the  liquid  on 
the  plate.  A PMMA  fixture  was  used  to  align  the 
detonator -booster  assembly  on  the  closed  end  of  the 
plate  with  its  center  on  the  liquid-aluminum  interface 
(Fig.  2). 

The  shot  tray  was  leveled  on  the  table  and  then 
slummed  so  that  the  open  end  was  elevated  either 
1 .6  or  3.2  mm.  Liquid  was  added  to  form  a long  thin 
wedge  tapering  from  either  1 .6  or  3.2  mm  at  the 
initiator  end  to  zero  thickness  305  mm  along  the 
plate.  The  aluminum  base  became  a witness  plate 
that  clearly  showed  the  various  reactions  that  occur 
during  the  test. 


plate  for  HVD,  LVD,  transitions,  and  failure.  We 
selected  the  pressure  of  each  successive  booster  pellet 
after  examining  the  results  of  the  previous  shot. 

Where  HVD  occurred,  the  witness  plate  surface  was 
depressed  about  1 mm.  LVD  was  revealed  by  a fine 
pitting  on  the  surface.  Areas  where  no  reaction 
occurred  remained  smooth  (Fig.  3). 

Two  anomalies  were  observed  on  examination  of 
some  witness  plates.  In  one,  DFF  detonated  HVD 
with  a 17.9-GPa  input,  but  it  did  not  convert  to  LVD, 
even  though  LVD  was  observed  with  a 1 6.3-GPa  input 
In  1 1 of  the  tests  with  FEFO,  DFF,  and  ADDF,  a 
partial  HVD  was  initiated.  It  projected  about  40  mm 


Booster  pellet 

Lucite  centering  jig  / — Luc i te  side 

plate 


Epoxy  Separator 
Liquid  explosive 


Substrate- 


JL 


Donor-acceptor 

interface 


Low-density  PETN 
Exploding  bridge  wire 


Precision  shim- 


Our  donor  system  consisted  of  an  exploding 
bridgewire  detonator  filled  with  low-density  PETN 
(p  = 0.95  g/cm3),  a booster  pellet  1 2.7  mm  in 
diameter  by  12.7  mm  long,  and  a 0.5-mm  epoxy 
attenuator.  The  booster  pellets  consisted  of  blends 
of  PETN  and  pcntaerythritol  pressed  to  90.0  ± 0.5% 
of  their  theoretical  maximum  density.  The  PETN 
concentration  ranged  from  20  to  100  wt%  in  5% 
increments,  giving  us  a variable  output  donor.  Lower 
concentrations  of  PETN  could  not  be  made  to 
detonate  reliably. 

The  pressure  pulse  of  the  donors  was  characterized 
by  using  rr-type  manganin  gages.  The  active  manganin 
element  was  3.2  mm  long,  and  it  was  potted  behind 
0.50  mm  of  epoxy.  As  described  above,  this  same 
thickness  was  used  for  the  attenuator.  The  pressure 
observed  via  the  manganin  gage  was  the  pressure  at 
the  epoxy  side  of  the  attenuator-liquid  interface  as 
the  donor  shock  passed  during  the  experiment. 

A series  of  shots  were  fired  with  each  liquid  to  be 
tested.  After  each  shot,  we  examined  the  witness 


Fig.  2.  Schematic  of  the  shot  arrangement. 


1.6  1.4  1 2 1.0  0.8  0.6  0.4  02  0.< 


FILM  THICKNEtt,  MM 

Fig.  3.  Witness  plates  demonstrating:  top  ■ donor 
only,  no  initiation;  middle  - HVD,  L VD,  and  transi- 
tions; bottom  - partial  HVD  as  the  only  response. 
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in  a flame  shape  directly  in  line  with  the  booster  but 
did  not  spread  the  full  width  of  the  tray. 


DISCUSSION  AND  CONCLUSIONS 

Our  compliant  explosive  program  had,  as  its  prime 
objective,  the  development  of  an  explosive  that 
would  be  comparable  in  its  performance  to  those 
used  in  nuclear  weapons,  but  that  would  remain 
stable  and  extrudable  to  at  least  -30°C  (and  pre- 
ferably to  -54°C).  To  accomplish  this,  we  needed  a 
liquid  carrier  with  some  unique  characteristics: 

• Energy/density  comparable  to  TNT. 

• Melting  point  below  -30°C. 

• Excellent  thermal  stability  in  the  CRT  (<  0.5 
cm3  total). 

• Lower  sensitivity  than  main  charge  explosives 
currently  in  use  in  nuclear  weapons  (H50  values 
should  be  > 50  cm  and  less  sensitive  to  LVD 
than  FEFO). 

• Compatibility  for  twenty  years  or  more  with  all 
materials  that  the  explosive  would  contact. 

• Low  viscosity,  particularly  at  low  temperature. 

• Low  vapor  pressure  at  ambient  temperature. 


Two  liquid  systems  were  developed  that  arc  prime 
candidates  as  a carrier  fluid  for  a compliant  explo- 
sive. They  arc  AJDDF  and  the  eutectic  mixture  of 
MFF  and  TEMFF.  Each  liquid  nearly  fits  the 
requirements,  but  has  one  defect  according  to  the 
above  list.  ADDF  is  too  viscous  at  low  temperature, 
and  the  eutectic  has  a slightly  higher  vapor  pressure 
than  is  desirable.  It  is  possible  that  the  ideal  liquid 
carrier  could  be  a multicomponent  mixture  of  some 
of  these  new  liquids. 


Stable,  high-energy,  extrudable  explosives  have 
been  prepared  with  several  of  the  most  attractive 
liquids  at  65  to  70  vol.%  HMX  with  1 to  2%  gelling 


agent.  Several  uf  these  had  mutl  oi  the  dcsnhlc 
properties. 


ACKNOWLEDGMENTS 

Special  credit  is  given  the  following  people  tor 
their  invaluable  support  in  the  program 

R.  D.  Brcithaupt 

J.  E.  Clarkson 

K.  V.  Fordyce 
A.  L.  Frahm 
J.  A.  Happe 
D.  L.  Orncllas 
A.  J.  Pane 

B L.  Shroyer 


REFERENCES 

1.  The  molal  freezing-point  lowering  constant  is 
defined  as 


where  AT  is  the  change  in  melting  point  in  °C 
and  m is  the  moles  of  solute  added  per  1000  g of 
solvent. 

2.  J.  Frazer  and  K.  Ernst,  “Chemical  Reactivity 
Testing  of  Explosives,”  Lawrence  Livermore 
Laboratory,  Kept.  UCRL-7438,  1963. 

3.  Some  of  the  material  in  this  report  was  sub- 
mitted to  Explosivstoffe.  R.  R.  Fyfe,  “A  Screen- 
ing Test  for  Low  Velocity  Detonation  in  Thin 
Films  of  Liquid  Explosives,”  Lawrence  Livermore 
Laboratory,  Rept.  UCRL-75120,  Aug.  1973. 

4.  J.  Ribovich,  “A  Wedge  Technique  for  Evaluation 
of  Detonation  Hazards  of  Liquid  Explosives,” 
Annals  of  the  New  York  Academy  of  Sciences, 
Vo).  152,  Art.  l,pp.  766-772,(1968). 


474 


Session  VIII 

EXPLOSIVELY  DRIVEN  SHOCKS 
IN  INERT  MEDIA 


Chairmen:  Prof.  G.  Duval 

Washington  State  University 
M.  Wilkens 

Lawrence  Livermore  Laboratory 


DYNAMIC  DETECTION  OF  THE  ONSET  OF  SPALLING 
IN  STAINLESS  STEEL  ON  COMP.  B 

C.  P.  M.  Smith,  G.  Eden,  and  B.  D.  Lamboum 
Atomic  Weapons  Research  Establishment, 

AWRE,  Aidermaston,  Berks,  England 


A simple  experimental  method  is  described  for  determining  whether  spalling  has 
occurred  in  a plate  in  contact  with  an  explosive  charge.  The  total  reflection 
method  has  been  used  to  determine  the  time  interval  between  the  arrival  of  the 
first  shock  and  the  next  main  wave  at  the  plate  free  surface.  For  thin  plates  the 
time  interval  is  the  plate  reverberation  and  increases  nearly  linearly  with  plate  thick- 
ness. Above  a critical  plate  thickness,  the  time  interval  exceeds  the  corresponding 
non-spalling  value  by  a successively  greater  amount,  and  the  second  wave  is  the 
shock  from  the  recollision  of  the  spalled  surfaces. 

Critical  thicknesses  of  stainless  steel  plates  in  contact  with  25.4-,  50.8-  and  76.2- 
mm-thick  Composition  B charges  are  respectively  2.8,  3.5,  and  4.4  mm. 

The  experiments  have  been  analysed  using  the  ID  hydro-code  RICSHA  W.  Best 
fits  to  the  experimental  time  intervals  give  spall  strength  of  91  kb,  64  kb  and  56  kb 
for  the  three  Composition  B thicknesses. 


1.  INTRODUCTION 

When  a plane  detonation  wave  in  a finite  thickness 
of  explosive  is  incident  on  the  rear  surface  of  a metal 
plate,  tire  velocity  of  the  front  (free  surface)  of  the 
plate  rises  in  a series  of  steps  as  the  plate  oscillates  in 
a succession  of  reverberations.  If  the  plate  is  strong 
and  cohesive,  the  amplitude  of  each  step  is  related  to 
the  relative  shock  impedances  of  the  plate  and  the 
detonation  products.  Tire  time  interval  between 
velocity  jumps  depends  on  the  wave  velocities  in  the 
plate.  Between  these  accelerations,  the  free  surface 
decelerates  steadily  under  the  influence  of  the  Taylor 
wave  transmitted  into  the  plate  from  the  explosive. 

The  thickness  of  charge  determines  the  steepness 
of  the  Taylor  rarefaction  following  the  initial  shock. 
This  controls  stress  rates  and  stress  gradients  in  the 
plate  after  the  sh<x:k  is  reflected  at  the  free  surface. 

As  the  rarefaction  returns  through  the  plate,  down 
the  ramp  of  the  Taylor  wave,  the  maximum  tension 
in  the  plate  increases.  This  is  relieved  by  its  reflection 


as  a compression  at  the  rear  surface  of  the  plate. 
Hence,  for  a given  charge  thickness,  the  maximum 
tension  in  the  plate  is  governed  by  its  own  thickness. 

For  a thin  plate  the  time  interval  At  between  the 
first  two  accelerations  (i.e.  the  first  shock  and  its  re- 
flection arriving  at  the  free  surface)  may  be  measured. 
Time  At  increases  linearly  (or  very  nearly  so)  with  x, 
the  plate  thickness,  provided  the  reflected  rarefaction 
and  compression  travel  in  a continuous  medium.  If 
the  plate  material  parts  under  the  tension  in  the  first 
reverberation,  the  i the  x,  At  point  departs  from  the 
original  cohesive  line,  since  the  shock  due  to  recolli- 
sion of  the  parent  plate  and  spall  arrive  progressively 
later,  as  x increases.  This  is  due  to  the  extra  time 
taken  for  the  parent  to  be  accelerated  by  the  detona- 
tion products  and  close  the  gap.  The  magnitude  of 
the  recollision-shock  is  similar  to  a normal  reverbera- 
tion and  its  arrival  is  easily  measured. 

The  change  in  the  x,  At  curve  provides  a purely 
experimental  method  of  determining  the  geometry  at 
which  spalling  starts. 


A number  of  such  experiments  have  been  fired 
using  Comp.  B and  stainless  steel  EN58B  (1 8 Cr:  8 Ni) 
and  the  x,  At  data  has  been  collected,  to  demonstrate 
how  this  method  may  be  used  to  determine  the  onset 
of  spalling.  This  18/8  steel  is  one  of  the  few  iron 
alloys  which  show  negligible  phase  transition  effects 
near  130  kb. 

Some  earlier  experiments  in  the  series  were  com- 
pared with  calculations  by  Lambourn  and  Hartley 
(Refs.  1 ,2)  using  a characteristics  code  NIP,  and  a 
finite  difference  code.  It  was  shown  that,  based  on 
the  delay  in  the  arrival  of  the  main  reverberation,  the 
critical  thickness  of  steel  plate  which  just  spalled  was 
3.0  mm  for  a 50.8  mm  thick  Composition  B charge, 
corresponding  to  a spall  strength  of  about  65  kb. 
However  the  spall  thickness  of  a 12.7  mm  steel  plate 
driven  by  a 76.2  mm  Comp.  B charge  determined  by 
flash  radiography  seemed  to  correspond  to  a spall 
strength  of  ~53  kb.  This  difference  in  spall  strength 
led  to  additional  experiments  on  various  thicknesses 
of  explosive  charge. 

2.  EXPERIMENTAL  METHOD 

A standard  Baratol/Comp.  B plane  wave  lens,  127 
mm  dia,  was  used  to  initiate  127  mm  dia  Comp.  B 
cylinders  of  lengths  25.4  mm,  50.8  mm,  or  76.2  mm. 
The  results  of  many  experiments  using  this  system 
have  demonstrated  that  the  shock  wave  transmitted 
into  an  inert  plate  has  axial  symmetry  and  is  plane 
within  0.5  mm  over  a 50  mm  radius.  Care  was  taken 
to  ensure  the  flatness  of  the  steel  plates,  which  had  a 
ground  surface  finish  of  better  than  0.25  /rm  and 
were  plane  and  parallel  within  25  pm  over  the  area 
used. 

The  thicknesses  of  stainless  steel  plates  placed  on 
the  Comp.  B cylinder  gave  ratios  of  plate  thickness/ 
charge  thickness  in  the  range  0.02  to  0.20.  To  give  a 
little  data  on  thin  charge  geometry,  two  additional 
shots  were  fired  in  which  the  explosive  lens  initiated 
a 50.8  mm  cylinder  of  Comp.  B driving  a plane  shock 
into  a 3.35  mm  EN58B  plate.  This  shock  initiated  a 
10  mm  thickness  of  Comp.  B on  which  a test  plate 
was  placed. 

Free  surface  velocity  measurements  of  the  early 
motion  of  each  metal  plate  were  made  using  a Barr 
and  Stroud  S4  str  s’:  camera  • nd  the  inclined  block 


total  reflection  method,  as  described  in  Ref.  2.  In 
many  experiments  two  independent  traces  were  ob- 
tained by  using  two  parallel  slits  in  the  streak  camera 
focal  plane.  Velocities  were  obtained  from  the  result- 
ing trace  (see  c.g.  Figs.  4 and  5 of  Ref.  2)  by  measur- 
ing at  least  100  co-ordinate  points  on  each  streak 
camera  record.  A computer  programme  was  used  to 
scale  the  values  to  give  true  distance  versus  time 
points  and  to  perform  least  squares  regressions  to  fit 
linear  or  quadratic  curves  to  the  parts  of  the  trace 
showing  steady  velocities  or  accelerations. 

Two  types  of  analysis  were  used,  one  (a)  in  which 
the  whole  of  each  deceleration  phase  is  fitted  with  a 
single  quadratic  curve,  and  the  other  (b)  in  which  a 
chosen  number  of  points  1 to  N are  selected  at  the 
start  of  the  trace,  fitted  analytically  and  differenti- 
ated to  give  a velocity  at  their  mid-value.  The  points 
1 to  5 are  then  discarded  and  the  points  (N  + 1 ) to 
(N+6)  arc  taken  into  the  regression  to  give  a velocity 
at  the  new  mid-value.  The  degree  of  smoothing  which 
is  introduced  by  this  process  is  therefore  controlled 
by  the  choice  of  N.  Both  types  of  analysis  are  shown 
applied  to  the  same  experiment  in  Fig.  9 in  which  the 
full  line  is  the  result  of  the  first  type,  and  the  individ- 
ual points  were  obtained  from  the  second  type, 
taking  N = 10. 

3.  EXPERIMENTAL  RESULTS 

The  way  i dch  the  measured  value  of  At  begins 
to  increase  disproportionately  when  the  relative  plate 
thickness  R rises  above  a certain  critical  value  is 
shown  in  Fig.  1 for  50.8  mm  charges.  Here  some  of 
the  experimental  results  are  compared  with  calcula- 
tions in  which  the  plate  is  assumed  to  be  infinitely 
strong. 

Results  of  all  the  experiments  are  summarised  in 
Table  1 , in  which 

L = charge  thickness 

x = plate  thickness 

R = the  ratio  of  (plate  thickness)/(charge  thick- 
ness) 

At  = the  time  interval  between  first  motion  of  the 
steel  free  surface  and  the  50%  velocity  rise 
caused  by  the  arrival  of  either  a whole  plate 
reverberation  or  the  parent  recollision 
shock,  i.e.  the  next  major  acceleration. 
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Shot  No. 


L 

(mm) 


R 


C82  76.2 

C93 
81 
C83 
C84 
80 
C85 
C90 

64  A 50.8 

64 

66 

67 

68 
63 
63  A 

62 

60 

C86  25.4 

83 

C87 

82 

C88 

C89A 

61 

85  10.0 


x 

(mm) 

1.52  0.020 

2.03  0.0267 

3.05  0.040 

3.81  0.050 

4.57  0.060 

5.10  0.067 

6.10  0.080 

8.46  0.111 

1.98  0.0390 

2.06  0.0405 

3.17  0.0625 

3.38  0.0665 

3.63  0.0715 

3.90  0.0767 

3.91  0.077 

5.03  0.099 

6.35  0.125 

1.02  0.040 

1.63  0.064 

2.03  0.080 

2.54  0.100 

3.05  0.120 

3.78  0.149 

5.00  0.197 

0.84  0.084 


84 


1.68 


0.168 


TABLE  1 


* 

I 


At(EXPT) 

Duration 

At 

(CALC) 

Duration 

(MS) 

(Ms) 

(Ms) 

(ms) 

0.514 

0.05(5) 

0.539 

0.735 

0.13 

0.745 

0.13 

1.154 

0.16 

1.17 

0.11 

1.160 

1.512 

1.505 

0.12 

0.17 

1.47 

0.14 

1.890 

0.11 

1.905 

2.25 

~0.4 

2.29 

~0.4 

2.674 

0.2S 

2.675 

0.24 

4.9 

-0.4 

4.7 

0.698 

0.14 

'I 

0.732 

0.10 

0.78 

0.074 

0.753 

0.15 

J 

1.28 

0.22 

1.338 

0.16 

1.497 

0.06 

1.722 

0.03 

1.630 

0.04 

1.600 

2.535 

0.2 

2.45 

>3.67 

0.390 

0.04 

0.39 

0.037 

0.393 

0.03 

0.565 

0.06 

0.607 

0.08 

0.800 

0.02 

0.81 

0.075 

1.086 

1.095 

0.12 

0.08 

- 1 .03 

0.095 

1.46 

0.10 

1.38 

0.08 

2.17 

0.16 

3.36 

0.14 

m 

mam 

0.06 

m 
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FREE  SURFACE  VELOCITY  (mm  usee 


EXPERIMENT 


' SHOT  68,  R = 0.0715 


3 


0 12  3 4 


Fig.  1.  Disproportionate  rise  of(At)xxPT  rat^° 
R for  L = 50.8  mm. 


Duration  of  the  major  acceleration  is  also  shown  in 
Table  1 and  is  normally  about  0.1 . At,  and  repeat- 
ability of  the  time  to  50%  velocity  rise  is  usually 
within  0.1  ps. 

The  At  vs.  x plot  for  one  charge  thickness  (Fig.  2) 
shows  the  deviation  of  the  experimental  points  from 
the  nearly  linear  non-spalling  curve. 

The  point  of  deviation,  i.e.  onset  of  spalling,  does 
not  scale  with  charge  thickness,  but  since  non-spalling 
results  may  be  scaled  (approximately),  data  from 
shots  having  short  charge  lengths  (in  wh  apparent 
strength  of  the  plate  is  high)  may  be  uscu  to  extend 
the  non-spalling  ‘line’  beyond  the  point  of  deviation 
for  a greater  charge  length,  as  shown  in  Fig.  2. 

This  provides  a purely  experimental  method  of 
defining  the  geometry  mi  which  spalling  starts  in  a 
material  when  a given  triangular  pulse  reflects  at  its 
free  surface.  But  unless  something  is  known  about 
the  form  of  curve  on  which  the  deviating  points  lie, 
then  a large  number  of  shots  would  be  needed  to 
locate  accurately  the  point  of  deviation.  To  make 
this  assessment,  and  to  make  estimates  of  spall 
strength,  the  experimental  systems  were  computed, 
using  code  R1CSHAW. 


4.  COMPARISON  OF  THE  EXPERIMENTS  WITH  . 

COMPUTATION 

4. 1 . Method  of  Calculation  •' 

Lambourn  and  Hartley  (1)  used  a one-dimensional 
method  of  characteristics  code  NIP  to  analyse  some 
of  the  earlier  experiments.  NIP  was  used  to  indicate 
peak  tension  and  hence  spall  strength  at  the  spall 
plane,  but  it  was  necessary  to  use  a finite  difference 
code  to  calculate  the  motion  subsequent  to  spalling. 

NIP  was  superceded  by  a more  sophisticated  code, 
RJCSHAW,  which  was  presented  at  the  5th  Sympo- 
sium (3)  and  is  very  briefly  outlined  in  another  paper 
in  this  symposium  (4).  Essentially  RICSHAW  is  a ID 
unsteady  compressible  fluid  flow  code  which  can  deal 
with  multiple  materials  with  a wide  variety  of  equa- 
tions of  state.  All  shock  waves  are  treated  as  discon- 
tinuities; and  because  they  are  characteristics,  the 
edges  of  rarefaction  and  compression  waves  are 
marked  as  wave  boun  'aries  and  followed.  As  ar- 
ranged at  present,  spalling  must  occur  at  an  interface 
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already  in  the  calculation.  It  is  therefore  usually 
necessary  to  carry  out  two  calculations,  one  without 
spalling,  to  determine  the  position  of  the  spall  plane, 
and  then  one  with  spalling  included.  Any  plausible 
spalling  criterion  can  be  used,  but,  in  fact,  in  the 
calculations  described  here  it  was  assumed  that  spall- 
ing occurred  when  the  particle  at  the  chosen  spall 
plane  first  exceeded  a chosen  critical  tension. 

The  edge  of  the  Taylor  wave  following  the  detona- 
tion wave  in  the  explosive  was  defined  at  a pressure 
of  149  kb,  corresponding  to  the  pressure  arising  at 
the  interaction  of  the  Baratol  in  the  plane  wave  lens 
with  the  Composition  B.  In  some  of  the  calculations 
it  was  necessaiy  to  include  the  Baratol  because  the 
fiow  in  the  steel  plate  was  affected  by  its  Taylor  wave. 

The  equation  of  state  assumed  for  the  Composi- 
tion B was  of  constant  (3  form  with  pressure  (p), 
specific  volume  (v),  specific  internal  energy  (E)  rela- 
tion 


where  w = 0.797, 6 = 2.95,  A - 0.0179  Mbcm3s  g-6 . 
With  an  initial  density  of  1 .651  g cm'3,  this  leads  to  a 
detonation  pressure  of  250.8  kb  and  a detonation 
velocity  of  7.75  mm  ms-1. 

For  baratol  a poly  tropic  gas  equation  of  state  was 
assumed  with  initial  density  2.61  g cm-3,  a 7 of  3.52 
and  a detonation  velocity  of  4.925  mm  ms-1,  giving  a 
detonation  pressure  of  140  kb. 


A linear  shock  velocity -particle  velocity  relation- 
ship was  assumed  for  the  EN58B  stainless  steel 

W = 4.48  + 1 .639  u mm  pis'1 

with  initial  density  7.90  gem-3  and  Gruneisen 
Gamma  equal  to  2.025. 

No  evidence  has  been  observed  of  a polymorphic 
phase  transition  in  EN58B. 

4.2.  Calculation  with  No  Spalling 

Figure  3 is  a wave  diagram  for  a calculation  with 
no  spalling  (76.2  mm  Comp.  B,  3.05  mm  stainless 
steel)  in  which  is  seen  the  primary  shock  in  the  steel, 
AB,  which  is  reflected  at  the  free  surface  as  a rarefac- 
tion (BC,BDE).  The  rarefaction  fan  takes  the  form 
of  a series  of  diverging  characteristics  of  which  only 
the  edge  characteristics  (wave  boundaries)  are  plotted. 
When  the  rarefaction  meets  the  interface  with  the 
detonation  products  it  is  reflected  as  a compression 
wave  (CDF,  EG)  which  is  a converging  set  of  charac- 
teristics. It  is  this  compression  wave  meeting  the  free 
surface  which  causes  the  free  surface  to  accelerate 
rapidly . 

The  calculated  free  surface  velocity  history  is  com- 
pared with  experiment  in  Fig.  4.  The  deceleration 
after  the  arrival  of  the  shock  wave  is  due  to  part  of 
the  Taylor  wave  being  propagated  through  the  plate. 
The  arrival  of  the  compression  wave  is  spread  out 
over  a short  time  interval.  For  comparison  purposes 
later,  the  reverberation  time  in  the  steel  is  taken  to  be 


q L = 25.1  mm 

A RESULT  SCALED 
FROM  L = 10  mm 


Fig.  2.  At  versus  x [or  stainless  steel  plate  on  Comp.  B,  L = 2.5.4  mm. 
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the  mean  of  the  times  of  arrival  of  the  leading  and 
tailing  characteristic  of  the  compression  wave. 

Agreement  between  calculation  and  experiment  is 
good,  although  the  rather  low  value  of  initial  velocity 
calculated  suggests  that  the  detonation  pressure  as- 
sumed for  the  Comp.  B (251  kb)  may  be  too  low. 

The  tension  in  the  steel  arises  from  the  interaction 
between  the  rarefaction  reflected  when  the  primary 
shock  meets  the  free  surface  and  the  Taylor  wave 
transmitted  into  the  plate  from  the  explosive.  Peak 
tension  for  any  particle  of  the  plate  first  occurs  on 
the  tailing  characteristic  of  the  rarefaction  wave. 

Peak  tension  increases  with  distance  from  the  free 
surface,  reaching  a maximum  where  the  tailing  char- 
acteristic intersects  the  leading  characteristic  of  the 
compression  wave  (point  D in  Fig.  3). 

Figure  5 shows  how  the  tension  along  the  tailing 
edge  of  the  compression  wave  varies  with  Lagrangian 
mass  co-ordinate  (a  = /pdx , with  origin  at  the  free 
surface)  for  a range  of  different  plate  to  charge  thick- 


Fig.  3.  Wave  diagram  - no  spalling  ( 76.2  mm  Comp. 
B,  3.05  mm  steel J. 


ness  ratios.  It  will  be  seen  that  with  the  exception  of 
a thickness  ratio  0.20,  the  -p  vs.  a graphs  have 
closely  the  same  slope,  a slope  which  is  mainly  de- 
pendent on  the  rate  of  change  of  pressure  in  the 
Taylor  wave.  Thus  if  plates  of  different  thickness 
spall  at  the  same  critical  tension,  then  the  spall  thick- 
ness will  be  nearly  constant.  The  kink  in  the  slope 
for  thickness  ratios  of  0.1 5 and  0.2  corresponds  to 
the  arrival  of  the  edge  of  the  Taylor  wave.  For  points 
with  Lagrangian  co-ordinate  greater  than  4.4,  the 
tailing  edge  of  the  rarefaction  is  affected  by  the 
presence  of  the  baratol  in  the  plane  wave  lens.  The 


Fig.  4.  Free  surface  velocity  history  of  non-spalling 
plate  (76.2  mm  Comp.  B,  3.05  mm  steel). 


Fig.  5.  Pressure  on  tail  of  rarefaction  vs.  Lagrangian 
mass  coordinate  for  various  values  of  plate /charge 
thickness  ratio  R. 
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maximum  tension  is  plotted  as  a function  of  plate  to 
charge  thickness  ratio  in  Fig.  6. 

4.3.  Spalling  Calculations 

Because  of  the  way  RICSHAW  is  currently  writ- 
ten, a spalling  calculation  has  to  have  an  artificial 
interface  inserted  in  the  steel.  Spalling  then  occurs 
when  the  chosen  tension  is  first  exceeded  at  that 
interface. 

Figures  7(a)  and  (b)  are  wave  diagrams  for  steel 
plates  of  relative  thicknesses  0.08  and  0.12,  spalling 
at  a critical  tension  of  64  kb,  which  is  appropriate  to 
a 50.8  min  Composition  B charge.  It  will  be  seen  that 
the  spall  thickness  is  the  same  in  both  calculations, 
but  of  course  the  parent  part  of  the  plate  increases  in 
thickness. 


Taking  a thickness  ratio  of  0.1 2 as  an  example 
(Fig.  7(b)),  when  the  plate  spalls  at  64  kb  spall  shocks 


Fig.  6.  Maximum  tension  vs.  plate /charge  thickness 
ratio  R. 


Fig.  7.  Wave  diagrams  for  R = 0.08  and  R = 0.12  (50.8  mm  Comp.  B). 

483 


.Je>.  . .-Lj- 


A 


are  emitted  into  both  the  spall  and  the  parent  plate 
and  these  raise  the  pressure  at  the  spall  plane  from 
the  critical  spall  tension  to  zero.  As  a result,  the  spall 
surfaces  separate. 

Taking  first  the  spall,  when  the  spalling  shock 
meets  the  free  surface  it  is  reflected  as  a rarefaction 
and  this  wave  reverberates  alternately  as  forward- 
moving  compression  and  backward-moving  rarefac- 
tion until  recollision  takes  place.  Figure  8(a)  shows 
the  velocity  histories  of  the  two  surfaces  of  the  spall. 
Each  has  sawtooth  form  with  constant  mean  velocity 
until  they  are  affected  by  the  re-collision  shock. 
Corresponding  points  in  Figs.  7(b)  and  8 are  num- 
bered similarly. 

The  backward-moving  spalling  shock  in  the  parent 
plate  cuts  off  part  of  the  main  rarefaction  and  slows 
down  the  parent  plate.  As  was  shown  by  Lambourn 
and  Hartley  (1),  the  line  of  constant  fracture  tension 
has  higher  velocity  than  the  spalling  shock,  so  the 
shock  has  ever-increasing  tension  ahead  of  it  until  it 
meets  the  leading  edge  of  compression.  When  the 
spalling  shock  meets  the  detonation  products  it  is  re- 
flected as  a rarefaction  wave  and  this  wave  reverber- 
ates in  the  parent  on  the  back  of  the  main  compres- 
sion wave.  However,  the  main  compression  wave 
moves  forward  and  kicks  the  free  surface  of  the 
parent  forward,  and  is  reflected  as  a rarefaction  wave. 
It  is  one  or  other  of  the  reverberations  of  this  main 


Fig.  8(a).  Front  and  rear  surface  velocities  of  spall, 
R = 0.12. 


compression  wave  which  causes  the  spall  surfaces  to 
re-close.  Essentially  the  parent  plate  is  still  extracting 
energy  from  the  detonation  products.  Figure  8(b) 
shows  the  velocity  histories  of  the  two  surfaces  of  the 
parent  plate. 

On  recollision  of  the  parent  and  spall,  a recollision 
shock  is  propagated  backwards  and  forwards  and  it  is 
the  arrival  of  this  recollision  shock  at  the  free  surface 
which  is  measured  experimentally  and  gives  At. 

The  wave  diagrams  in  Fig.  7 show  that  the  thicker 
the  parent  plate,  the  longer  it  takes  the  spall  planes  to 
re-collide,  essentially  because  the  parent  needs  to 
extract  more  momentum  from  the  detonation  prod- 
ucts, or,  looked  at  in  another  way,  the  spall  surfaces 
have  more  time  to  separate  before  the  arrival  of  the 
main  compression  wave  kicks  the  free  surface  of  the 
parent  towards  the  spall. 

The  free  surface  velocity  history  after  the  recolli- 
sion shock  is  complicated  by  the  particular  waves 
propagating  forward  from  the  parent  plate  just  after 
the  collision.  The  strength  of  the  recollision  shock  is 
also  a variable,  depending  on  the  relative  velocity  of 
the  impacting  surfaces  at  the  instant  of  collision. 

4.4.  Comparison  of  Calculations  with  Spalling 
Experimental  Results 

In  Fig.  9,  an  experimental  free  surface  velocity 
history  for  a 25.4  mm  Comp.  B charge,  3.05  mm 


Fig.  8(b).  Front  and  rear  surface  velocities  of  parent, 
R-  0. 12. 
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stainless  steel  plate,  is  compared  with  calculations 
assuming  various  spall  strengths  in  the  steel.  As  the 
assumed  spall  strength  is  reduced,  the  spalling  shock 
arrives  earlier,  but  the  recollision  shock  arrives  later. 
The  best  match  to  the  experiment  for  the  recollision 
shock  would  be  to  assume  a spall  strength  of  about 
94  kb. 


of  reverberations  required  of  the  main  compression 
wave  to  cause  recollision. 

Taking  the  points  of  deviation  from  these  figures, 
Table  2 shows  the  geometry  at  which  spalling  starts 
for  each  charge  thickness. 


Although  Table  1 contains  data  on  the  major 
accelerations  only,  i.e.  cohesive  plate  reverberation  or 
spalled  plate  recollision  shock,  in  some  experiments, 
the  analysis  of  motion  indicated  smaller  accelerations 
within  the  time  interval  At  and  these  were  interpreted 
as  due  to  the  spalling  shock.  Their  amplitudes  were 
always  smaller  than  expected  from  computation  and 
this  put  their  measurement  near  the  limit  of  resolu- 
tion of  the  experimental  method.  Any  raggedness  of 
the  real  spall  surface,  or  possibly  incomplete  fracture, 
would  tend  to  increase  the  duration  of  the  compres- 
sion wave  generated  in  parting  and  reduce  its  ampli- 
tude, making  it  a less  reliable  indicator,  but,  in 
general,  the  effects  which  were  observed  arrived  earlier 
at  the  free  surface  than  the  deduced  ‘deviation  point,’ 
suggesting  a lower  spall  strength. 

Good  fits  can  be  obtained  for  most  of  the  recolli- 
sion shock  times.  These  are  shown  in  Figs.  10(a),  (b) 
and  (c)  for  25.4,  50.8,  76.2  mm.  Composition  B 
charges.  The  later  kink  in  the  calculated  variation  of 
At  with  thickness  ratio  is  due  to  the  different  number 


TABLE  2 


Comp.  B 
Thickness 

L 

(mm) 

Thickness  of  EN58B 
which  just  spalls)/L 

25.4 

0.1 12  ± 0.005 

50.8 

0.068  ± 0.005 

76.2 

0.058  ± 0.005 

5.  CONCLUSIONS  AND  DISCUSSION 

A purely  experimental  method  has  been  proposed 
and  demonstrated  to  determine  the  onset  of  spalling 
in  a metal  plate  when  an  explosively  genera  ;d  trian- 
gular pulse  reflects  at  its  free  surface. 

Tire  method  depends  on  observation  of  the  arrival 
time  of  the  shock  generated  by  recollision  of  the 


I EXPERIMENT 

• EXPERIMENT 

CALCULATION 

CALCULATION 


ANALYSIS  (a) 

ANALYSIS  (b) 

NO  SPALLING  Pmin  * *95  Kb 
SPALLING  AT  - 91  Kb 


0 1—  J i a 1 1 — i 1 — * * j i < i a-  ■ —X— — J — 

0 0.5  1.0  1.5 


t psec 

2.0 


Fig.  9.  Comparison  of  calculation  with  experiment  for  free  surface  velocity  of  spalling  plate  (25.4  mm  Comp.  B, 
3.05  mm  st.  steel). 
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parent  plate  and  spall,  which  is  more  dearly  defined 
than  the  lower  amplitude  spalling  shock.  The  start  of 
spalling  has  been  shown  to  depend  on  absolute  charge 
thickness,  and  not  to  scale  according  to  the  ratio  of 
plate  to  charge  thickness.  Since  charge  thickness  con- 
trols the  steepness  of  the  Taylor  rarefaction  following 
the  initial  shock,  and  hence  the  tensile  stress  rates  and 
gradients  in  the  plate,  the  lack  of  scaling  confirms 
that  the  mechanism  of  spalling  is  rate  or  time 
dependent. 

The  number  of  experiments  needed  to  deduce  the 
critical  geometry  can  be  reduced  by  comparing  the 
results  with  computation,  in  this  case  a one- 
dimensional characteristic  code  R1CSHAW,  which  can 
deal  with  spalling.  The  recollision  shock  time  has 
been  shown  to  be  a fairly  sensitive  indicator  of  what 
spall  strength  should  be  chosen  for  the  calculation  in 
which  a simple  spalling  criterion  is  assumed— in  this 
case  instantaneous  parting  at  a plane  in  the  plate 
when  its  tensile  stress  reaches  the  selected  value. 


The  only  other  data  on  spalling  of  explosively 
driven  stainless  steei  plates  is  given  by  Thurston  and 
Mudd  (5)  who  re-analysed  the  radiographic  experi- 
ments of  Breed,  Mader  and  Venable  (6).  Thurston 
and  Mudd,  following  Mader,  correlated  the  calculated 
spall  strength  with  the  calculated  stress  gradient 
Ap/Ax  between  the  spall  plane  and  free  surface  in  the 
form 

-p,  - oo  * a(AE-) 

where  for  347  stainless  steel  Thurston  finds  the  best 
fit  parameters  to  be 

cr0  = 6 kb,  A = 125,  B = 0.55 

where  the  units  of  A are  such  that  Ap/Ax  is  in  Mb 
cm-1  and  the  spall  strength  is  in  kilobars.  (The 
chromium: nickel  content  of  347  steel  is  specified  as 
17-19:9-13  whereas  EN58B  has  17-20:7-10.) 


The  inferred  best  fit  spall  strengths  deduced  from 
the  time  of  arrival  of  the  recollision  shocks,  are  sum- 
marised in  Table  3. 


TABLE  3 


Comp.  B 

Charge  Thickness 
(mm) 

Spall  Strength 
of  EN58B 
(kb) 

25.4 

91  ± 3 

50.8 

64  ± 3 

76.2 

56+3 

The  estimated  spall  strength  for  50.8  mm  charges, 
using  R1CSHAW,  is  in  close  agreement  with  the  value 
of  65  kb  estimated  in  Ref.  (2),  using  somewhat  differ- 
ent equations  of  state.  It  is  also  interesting  to  note 
that  the  strength  for  76.2  mm  charges  deduced  from 
the  delay  in  the  reverberation  time  is  in  very  good 
agreement  with  the  value  deduced  in  Ref.  (1 ) from  a 
flash  radiograph  of  a spalled  plate  in  flight,  i.e.  the 
thickness  of  the  spall  deduced  from  the  reverberation 
delay  is  in  sensible  agreement  with  that  observed  by 
flash  radiography. 


Figure  1 1 shows  that  the  current  results  for 
EN58B  stainless  steel  based  on  reverberation  time 
delay  are  in  substantial  agreement  with  the  form  of 
Thurston  and  Mudd’s  best  fit  to  the  radiographic  re- 
sults, but  have  slightly  higher  spall  strength . 

Further  information  on  the  spalling  process  may 
be  obtained  in  future  work  with  such  a system  by 


Fig,  11.  Comparison  between  the  experimental  data 
and  the  best  fit  to  Thurston 's  stress  gradient  model. 
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varying  some  of  its  parameters,  e.g,  initial  shock 
strength  by  using  different  explosives,  combined  with 
variations  in  stress  gradient. 
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DISCUSSION 

STEPHEN  COCHRAN 
Lawrence  Livermore  Laboratory 
Livermore,  California 

I have  performed  calculations  on  experiments 
similar  to  those  described  as  well  as  plate  impact  spall 
experiments.  I have  found  that  it  is  important  to  in- 
clude the  time  it  takes  for  fracture  to  occur.  If  one 
calculates  spall  as  a continuous  process  and  includes 
its  influence  on  the  stress  correctly,  the  spall  strength 
becomes  more  nearly  a property  of  the  material,  in- 
dependent of  experimental  geometry. 
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THE  CRITICAL  ANGLE  FOR  MACH  BRIDGE  FORMATION  BETWEEN 
OPPOSING  SHOCK  WAVES  IN  POLYURETHANE  FOAM 


R.  M.  James,  P.  W.  J.  Moore  and  B.  D.  Lamboum 
Atomic  Weapons  Research  Establishment 
Aidennaston,  Berks 


Hugoniot  data  in  the  pressure  range  0. 75  to  26  khar  has  been  obtained  for  three 
polyurethane  foams  of  initial  densities  0.3,  0.187  and  0.086  g cm~3  by  flash  radi- 
ography of  symmetrically  crushed  blocks  of  foam.  Both  regular  and  Mach  interac- 
tions have  been  observed  at  the  intersection  of  the  two  crushing  shock  waves.  It 
has  been  shown  both  experimentally  and  theoretically  that,  in  contrast  to  normal 
materials,  the  critical  angle  of  incidence  for  Mach  reflection  increases  with  in- 
creasing incident  shock  strength. 


I.  INTRODUCTION 

When  equal  strength  shock  waves  intersect  at  small 
angles  of  incidence,  the  reflected  shocks  emanate 
from  the  point  of  intersection  and  the  reflection  is 
said  to  be  regular.  As  the  angle  of  incidence  is  in- 
creased a critical  angle  is  reached,  beyond  which  the 
reflected  waves  do  not  intersect  the  incident  waves 
on  the  plane  of  symmetry  and  a Mach  bridge  is 
formed  connecting  the  points  of  intersection.  The 
Mach  bridge  grows  with  time.  In  many  materials  it 
is  found  (e.g.,  1 ,2)  that  the  critical  angle  of  incidence 
decreases  with  increasing  incident  shock  strength.  It 
is  the  purpose  of  this  paper  to  examine  the  variation 
of  critical  angle  of  incidence  with  incident  shock 
strength  for  polyurethane  foam. 

Amongst  a set  of  experiments  designed  to  deter- 
mine shock  wave  velocity  and  mean  compression  in 
dynamically  crushed  polyurethane  foam  blocks, 

Mach  bridge  formation  was  detected  in  some  in- 
stances at  a collision  plane  t etween  opposing  shock 
fronts  witliin  the  foam  specimen.  Steady  state  shock 
interaction  theory  has  been  used  to  evaluate  the 
critical  angle  of  incidence  for  Mach  reflection  as  a 
function  of  incident  shock  pressure.  The  theory  pre- 
dicts that  the  critical  angle  of  incidence  increases  with 
pressure  for  the  porous  foam.  Additional  experiments 


with  suitable  values  of  incident  angle  and  shock  pres- 
j sure  were  designed  to  yield  a Mach  bridge  or  to  pre- 
clude its  formation  and  so  test  the  theoretical 
prediction. 


2.  EXPERIMENTAL  METHOD 

The  method  used  was  a straightforward  application 
of  single  shot  flash  radiography.  A block  of  polyure- 
thane foam  was  crushed  along  two  opposite  surfaces 
by  explosively  driven  flat  brass  plates,  which  were  set 
up  to  crush  the  foam  symmetrically  and  progressively 
from  one  end  of  the  block  to  the  other.  The  timing 
of  the  flash  x-ray  pulse  and  the  angle  between  both 
plates  and  the  foam  block  surfaces  were  chosen  to 
display: 

i.  Whenever  possible,  a portion  of  the  flying  plates 
which  had  not  struck  the  foam,  showing  the  (apparent) 
plate  flight  angle  and  the  uncrushed  foam  surfaces. 
When  this  was  not  possible,  the  plate  flight  angle  was 
derived  from  other  similar  experiments  x-rayed  at 
earlier  times, 

ii.  A region  in  which  the  interface  between  crushed 
and  uncrushed  foarn  was  visible  over  a substantial 
fraction  of  the  length  of  the  foam  block;  and 
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iii.  The  region  in  which  the  opposing  shock  fronts 
interacted,  displaying  reflected  waves  into  shocked 
material  and,  in  some  experiments,  a Mach  bridge  at 
the  interaction  plane. 

All  this  information  was  displayed  in  a single 
radiograph  taken  at  right  angles  to  the  direction  of 
motion  of  the  shock  fronts  in  the  foam  block. 

Timing  probes  attached  to  the  two  faces  of  the  block 
attacked  by  the  flying  plates  were  correlated  with  the 
flash  x-ray  time  from  initiation  of  the  explosive,  and 
gave  plate  velocities  before  striking  the  foam,  from 
which  were  deduced  mean  velocities  of  incremental 
segments  of  each  plate  after  striking  the  foam. 
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A photograph  of  the  assembly  is  shown  in  Fig.  la. 
Foam  density  was  usually  03  g cm'3;  some  lower 
density  foams  were  used  in  a few  experiments.  Each 
block  was  27  cm  X 22.5  cm  X 10  cm,  and  the  oppo- 
site 27  cm  X 22.5  cm  faces  were  crushed  by  1 .25-mm- 
thick  brass  plates,  driven  by  line-initiated  sheets  of 
explosive  "arying  between  3 mm  and  1 8 mm  thick- 
ness in  different  experiments. 

Both  plates  and  explosive  sheets  were  identical  for 
a particular  experiment  so  that  the  system  was  sym- 
metrical. The  27  cm  X 10  cm  surfaces  (viewed  by  the 
flash  x-ray  generator)  were  confined  within  4-ram- 
thick  aluminum  alloy  plates  (reasonably  transparent 
to  the  x-rays)  with  a slight  angular  run-in  towards  the 


E-explosive  drive 

Fig.  1c.  Plan  view. 

central  vertical  plane,  in  order  to  maintain  shock 
pressure  as  far  as  possible  at  the  edges  of  the  block. 

In  some  experiments  (e.g.,  F26,  F36,  F37),  similar 
brass  “acceptor”  plates  were  placed  in  contact  with 
the  foam,  which  was  crushed  by  both  plates  after  the 
collision  phase. 

Considerable  care  was  taken  to  align  the  block  and 
plates  accurately  in  the  x-ray  beam,  choosing  the 
centre  of  the  polar  diagram  to  fall  at  the  expected 
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interaction  point  between  the  opposing  shock  waves. 
The  initial  angle  of  each  plate  to  the  block  (measured 
in  the  static  radiograph)  and  the  apparent  angle  of 
incidence  of  each  plate  to  it  in  the  dynamic  radiograph 
gave  the  true  flight  attitude  of  each  plate  as  the  mean 
of  these  two  angles.  These  aspects  are  shown  in  Figs. 
2a,  2b,  and  Appendix  A. 


Hach  bridge 
formed 

crushed  foam 

shock  front 

unshocked 

foam 

flyer  plate 


vacuum  shot 


Fig.  2a.  Fxpt  F42  radiograph  - typical  dynamic, 
50  ns  exposure 


Fig.  2b.  Plate  flight  direction  from  dynamic 
radiograph. 

The  plates  remained  flat  during  flight  and  as  they 
compressed  the  foam.  Shock  wave  fronts  and  plate 


positions  were  well  defined  on  the  radiographs.  Mo- 
tion blur  was  insignificant  with  a 50-ns  duration 
x-ray  exposure.  Spot  size  and  film/screen  effects 
introduce  errors  of  about  ±0.5  mm. 

There  was  some  concern  about  the  effect  trapped 
air  might  cause  between  the  flying  plates  and  the 
foam  block.  Several  experiments  were  fired  inside 
thin  steel  vacuum  vessels,  which  were  exhausted  be- 
fore firing.  Foam  blocks  in  these  experiments  were 
wrapped  in  thin  aluminium  foil,  attached  to  the  poly- 
urethane foam  by  epoxy  resin,  to  ^vent  gas  escaping 
from  the  foam  itself.  In  the  event,  no  discernible  ef- 
fects due  to  presence  or  absence  of  air  were  recorded. 
Figure  3 shows  the  vacuum  arrangement. 


f = fiver  plate-.  1 , ^ ::;rr  trasa 

Fig.  3.  Vacuum  assembly. 

3.  TREATMENT  OF  HUGONIOT  DATA 
3.1.  Experimental  Data 

The  basic  information  necessary  to  construct  a 
Hugoniot  curve  was  determined  from  measurements 
taken  on  the  radiographs.  Knowing  the  true  flight 
attitude  of  each  plate  (by  taking  the  mean  value  of 
angles  of  incidence  of  the  plate  to  the  block  in  static 
and  dynamic  radiographs,  as  described  above),  a set 
of  lines  could  be  drawn  dividing  the  shocked  foam 
region  into  an  arbitrary  number  of  zones  in  which 
foam  compression  was  approximately  uniaxial  (Fig.  4). 
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initial  impact  time  to  the  time  at  which  the  opposing 
shock  waves  interacted,  from: 


timing  probe 

Fig.  4.  Measurements  from  radiograph. 


In  practice  these  lines  were  usually  drawn  at  1-cm  in- 
tervals, normal  to  the  plate  flight  attitude  line,  to 
intersect  the  plate  in  its  various  positions  below  the 
original  foam  surface,  and  the  shock  wave  front  ahead 
of  the  plate. 

Taking  L as  the  thickness  of  shocked  foam  in  each 
zone,  these  direct  measurements  from  the  radiographs 
gave: 

i.  The  distance  the  shock  wave  had  travelled  into 
the  foam  (X). 

ii.  The  distance  the  plate  had  travelled  into  the 
foam  (X  - L). 

iii.  The  average  compression  of  the  foam  (L/X  = 
p/p0)-for  continually  varying  values  of  X and  t 
(time). 

Derivatives  with  time  arc  then  calculated: 

iv.  The  shock  wave  velocity  (W). 

v.  The  plate  velocity  (up  or  u0  at  t = 0). 

As  a first  approximation,  the  particle  velocity  u was 
taken  as  the  plate  velocity  (up)  computed  for  the 
central  point  in  each  zone.  Therefore  the  pressure  p 
and  the  dynamic  compression  p/pc  could  be  com- 
puted at  time  steps  related  to  each  consecutive  zone 
of  shocked  foam  in  the  radiograph,  from  close  to 


and 


p = p0  Wu 


w 

p^Po  = W - u 


Since  at  t = 0 the  particle  velocity  u is  the  plate 
velocity  (i.e.,  u = u0  at  time  of  impact),  this  time 
resolved  computed  data  for  p and  p/p0  (expressed  as 
v/vos)  can  be  extrapolated  back  to  t ~ 0 to  give  an 
experimental  point  on  the  Hugoniot  curve  (Fig.  5). 


Fig.  5.  Hugoniot  curves  for  polyurethane  foams. 


Experiment  No. 

r'26 

F36 

F37 

F38 

F42 

F47 

F48 

F52 

Foam  density  (g  cm-3) 

.294 

.300 

.285 

.294 

.286 

.186 

.186 

.292 

Explosive,  thickness 

SX2 

SX2 

SX2 

Comp.B 

Comp.B 

Comp.B 

Comp.B 

Comp.B 

9 mm 

3 mm 

3 mm 

9 mm 

18  mm 

9 mm 

9 mm 

18  mm 

Flyer  plate  initial  angle 

12!4° 

12’A° 

12U° 

13° 

13° 

1 VA° 

1 114° 

2>/i° 

Flyer  plate  velocity 
(lumps"') 

2.14 

*(1.07) 

1.0 

*(0.5) 

1.0 

*(0.5) 

1.93 

2.60 

1.91 

1.90 

2.66 

Interaction  zone  pressure 

Pi  (kbar) 

1.9 

0.4 

0.12 

2.5 

6.5 

2.7 

2.9 

6.3 

Shock  wave 

Angle  of  incidence* 

12° 

9° 

7° 

16° 

20° 

17° 

18° 

13!4° 

Angle  of  reflection* 

69° 

Not 

observed 

12° 

46° 

36° 

33° 

39° 

26° 

Peak  pressure  at  shock 
front  (at  t = 0)  pmax  (kbar) 

3.1 

0.51 

0.32 

12.5 

25.1 

9.0 

8.4 

22.5 

v/Vq,  at  peak  pressure 

1.0 

1.01 

1.2 

1.27 

1.43 

1.50 

1.55 

1.27 

Mach  bridge  observation; 

YES 

NO 

NO 

YES 

YES 

PARTLY 

PARTLY 

NO 

remarks 

Clear 
low  den- 
sity zone 
at  inter- 
action 

(Vacuum 
shot)  , 

Similar 
to  F36, 
later 

Faster 

plates 

(vacuum 

shot) 

Further 

increase 

in  plate 

velocity 

(vacuum 

shot) 

(Vacuum 

shot) 

Reduced 

plate 

angle 

‘Bracketed  figures  giving  half  flyer  plate  velocity  indicate  equal  mass  acceptor  platei  at  foam  surface. 
*SX2  is  plastic  explosive  in  sheet  form  (RDX/ftllcr). 
tComp.B  -60%  RDX,  -40%  TNT,  -1%  wax. 


Similar  p,  v/v0l  points  derived  from  other  experiments 
enabled  the  EOS  data  to  be  checked  over  a wide  va- 
riety of  pressure  values,  using  foams  of  different 
densities. 

In  order  to  obtain  the  pressure  at  the  interaction 
plane  between  the  opposing  shock  waves,  which  is 
lower  than  the  peak  pressure  value  at  the  initial  im- 
pact (t  = 0),  a computed  value  of  p was  obtained 
from  the  plate  (i.e.,  particle)  velocity  and  the  shock 
velocity  for  the  particular  zone  where  the  interaction 
occurs.  Smoothed  data  for  the  shock  wave  and  plate 
positions  were  used  in  these  calculations,  and  veloci- 


ties derived  from  data  relating  to  the  incremental 
time  steps  corresponding  to  the  boundaries  of  each 
zone  (Fig.  4). 

A typical  set  of  results  computed  from  measured 
data  on  the  radiographs  of  experiment  F48  (p0  = 
0.186  g cm-3,  initial  plate  velocity  uQ  = 1 .9  mm 
ps"1)  is  given  in  Appendix  B. 

The  experimentally  derived  p,  v/Vq,  point  is  shown 
in  Fig.  5.  Peak  pressure  by  extrapolation  in  this  ex- 
periment was  8.4  kbar;  pressure  at  the  interaction 
point  was  2.9  kbar.  A Mach  bridge  was  partially 
formed. 
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3.2.  Equation  of  State 

In  order  to  analyse  the  shock  wave  interaction 
data,  it  was  necessary  to  find  an  equation  of  state 
which  fitted  the  Hugoniot  data.  McQueen  et  al.  (3) 
have  determined  a Hugoniot  for  solid  polyurethane 
of  density 


Pos  = 1.265  gem'3  (1) 

in  the  usual  linear  shock  velocity  (W)-  particle  ve- 
locity (u)  form 


W = a + bu  (2) 


derivative  (9E/dv)p  and  hence  the  sound  speed  is 
identical  for  the  two  forms  of  equation  of  state  at 
v = vof. 


6 = 


a3 

rcEs 


(6) 


The  form  chosen  for  the  variation  of  Gruneisen 
Gamma  with  specific  volume  was  proposed  by 
Parish  (S)  and  is 


/ 

P(v)  = 7 + a exp 

-<M,n  (v 

3} 

(7) 


where  a = 2.486  mm  ps'1,  b = 1.577,  and  the 
Gruneisen  Gamma  at  normal  density  is 

ro  = 1.55.  (3) 


where  a,  0,  y are  dimensionless  constants  and  vm  is 
the  specific  volume  at  which  T takes  a maximum 
value  y + a.  As  v tends  to  zero  or  infinity,  Gruneisen 
Gamma  tends  to  y. 


Taking  the  Hugoniot  for  solid  polyurethane  as  a 
basis,  one  can  construct  a Gruneisen  form  of  equation 
of  state  relating  pressure  (p),  specific  volume  (v)  and 
specific  internal  energy  (E): 

P = PH(v)  + “ (E  " Eh(v))  (4) 

based  on  the  variation  of  pressure  pn(v)  and  specific 
internal  energy  Eh(v)  on  the  Hugoniot  curve.  For 
any  reasonable  variation  of  Gruneisen  Gamma  with 
volume,  this  equation  of  state  is  valid  for  densities 
greater  than  pQS.  It  may  be  extrapolated  plausibly  to 
densities  just  less  than  pM,  but  with  foams  of  initial 
density  <25%  of  p os,  the  density  on  the  Hugoniot  for 
shock  pressures  >1  kbar  is  significantly  less  than  pol. 


Of  the  five  parameters  Es,  y,  a,  <jh  and  v,n  in  the 
expansion  equation  of  state,  vm  was  assumed  equal 
to  vM  and  y to  be  0.3  so  that 

a = ro  - 7 = 1.25.  (8) 

E,  and  <3  were  selected  by  choosing  values  which  gave 
satisfactory  fits  to  the  experimental  Hugoniot  data 
shown  on  Fig.  5 with  particular  care  taken  to  fit  the 
foam  of  initial  density  0.3  g cm'3.  The  values  chosen 
were 


Et  = 0.017  Mb.  ccg_1(  1700  Jg->) 
(3  = 1.7  . 


(9) 


It  was  decided,  therefore,  to  use  a modified 
PUFF  (4)  form  of  equation  of  state  for  the  expansion 
states  of  polyurethane.  This  equation  of  state  is  still 
of  Gruneisen  form  but  the  reference  curve  is  now  the 
isobar  p = 0,  along  which  the  internal  energy  is 
assumed  to  vary  with  v according  to  the  relation 


Ef(v)  = E, 


(5) 


where  vot  is  the  initial  specific  volume  of  solid  poly- 
urethane, E,  is  the  sublimation  energy  and  5 is  a 
dimensionless  parameter,  which  is  chosen  so  that  the 


4.  ANALYSIS  OF  INTERACTION  DATA 

At  the  interaction  plane,  reflected  shock  waves 
occurred,  and  radiographic  dose  and  energy  were 
chosen  such  that  the  reflected  waves  could  be  ob- 
served. Conditions  similar  to  reflection  at  a semi- 
infinite oblique  wall  gave  the  opportunity  to  observe 
Mach  bridge  formation  under  better  conditions  than 
obtainable  with  a single  reflection  at  a high  density 
boundary.  When  a Mach  bridge  was  formed,  radiog- 
raphy revealed  a strip  of  lower  density  material  at  the 
interaction  plane,  indicating  the  lateral  boundaries  of 
the  Mach  reflection  zone  (see  Fig.  6).  The  relevant  ex- 
periments which  straddled  conditions  for  Mach  bridge 
formation  are  listed  on  Table  1 . Polyurethane  foam 
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(10) 


of  density  0.3  g cm'3  was  used  in  six  experiments, 
and  density  0. 1 86  g cm-3  in  two. 

The  shock  strength  was  controlled  by  the  flyer 
plate  velocity,  hence  by  the  thickness  of  explosive. 
The  angle  of  incidence  of  the  shock  waves  in  the 
foam  was  controlled  by  initial  plate  angle  and  its 
velocity. 

Figures  6a,  6b,  and  6c  illustrate  static  and  dynamic 
radiographs  from  three  of  these  experiments.  FS2 
exhibits  regular  reflection  of  the  shock  waves  and  F26 
and  F38  display  Mach  bridges.  In  the  latter  two  cases 
it  will  be  noted  that  a low  density  region  can  be  dis- 
cerned originating  at  the  Mach  bridge,  and  extending 
along  the  interaction  plane  into  the  doubly  shocked 
material. 


5.  COMPARISON  OF  INTERACTION  RESULTS 

WITH  SHOCK  INTERACTION  THEORY 

S.l.  Regular  Shock  Interaction  Theory 

Consider  the  interaction  of  two  equal  strength 
oblique  shock  waves  at  angles  of  incidence  2a.  The 
pressure  pi  behind  both  incident  shock  waves  is 
assumed  known  and  this  gives  the  shock  velocity  W 
and  shock  compression.  Following  the  standard 
procedure,  it  is  convenient  to  consider  an  observer 
moving  with  the  point  of  intersection  of  the  shocks 
(Fig.  7),  so  that  with  respect  to  him  the  material 
ahead  of  the  incident  shock  is  flowing  into  the  shock 
at  velocity  q0  = W cosec  a parallel  to  the  plane  of 
symmetry. 


The  flow  is  deflected  downwards  through  angle  6 1 
by  the  incident  shock,  because  the  component  of 
flow  velocity  normal  to  the  shock  is  reduced  by  the 
shock  transition,  whereas  tlie  component  of  velocity 
parallel  to  the  shock  is  unchanged.  The  deflection  is 
given  by 


VJ 

tan  (a  - 6 1 ) = — tan  a . 
vo 

Thus,  knowing  the  strength  of  the  incident  shock,  the 
value  of  6]  is  determined,  and  the  flow  velocity  be- 
hind the  incident  shock  is  given  by 

qi  = q„  cos  a sec  (a -6j) . (11) 

Taking  the  reflected  shock  to  be  at  angle  a'  to  the 
plane  of  symmetry,  and  the  deflection  upwards  of  the 
flow  by  the  reflected  shock  to  be  §2,  then  the  equa- 
tion of  continuity  and  the  equality  of  the  tangential 
component  of  velocity  on  either  side  of  the  reflected 
shock  give: 

q2  sin(a'  + 6i -62)  = ^ qisin(a'  + 6])  (12) 
q2  cos  (a'  + 6i  - 62)  = fli  cos  (a'  + Sj)  (13) 

so  that  the  total  deflection  0 = & \ - 62  through  both 
shocks  is  given  by 

tan  ( a + 8)  = tan  (a'  + 6 1 ) . (14) 

In  addition,  the  flow  must  satisfy  conservation  of 
momentum,  and  the  Rankinc  Hugoniot  equation 
across  the  reflected  shock 

q3  sin2  (a  + 6j ) 

P2  " Pi  = 2 (v,  -v2)  (15) 

V1 

E2  " E1  =4  (Pi  + P2>(vl  ~v2)  06) 

and  the  equation  of  state  for  the  doubly  shocked 
foam 

P2  = p(v2,E2)  (17) 

which  is  defined  in  Sec.  3.2. 

The  final  condition  required  is  that  the  total  de- 
flection 6 be  zero,  so  that  the  flow  behind  the  re- 
flected shock  is  parallel  to  the  plane  of  symmetry. 

Equations  (14)  through  ( 1 7)  need  to  be  solved  by 
iteration  to  find  a',  p2,  v2  and  E2.  The  equations 
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yield  two  possible  values  of  a,  p2,  etc.,  of  which  the 
lower  value  is  the  only  stable  one. 

Figures  8a  and  8b  show  the  angle  of  reflection 
versus  the  angle  of  incidence  for  solid  polyurethane 


Fig.  8a.  Angie  of  reflection  vs  angle  of  incidence. 
Solid  polyurethane. 


and  polyurethane  foam  of  initial  density  0.3  g cm"3. 
Each  curve  is  for  a different  incident  shock  pressure. 
As  is  usual,  solutions  only  exist  for  angles  of  incidence 
up  to  an  extreme  value  (ax),  which  is  a function  of 
incident  shock  pressure.  But  whereas  for  solid  poly- 
urethane ax  decreases  as  the  pressure  behind  the 
incident  shock  increases,  for  polyurethane  foam  ax 
increases  as  the  incident  shock  strength  increases. 

Figures  9a  and  9b  show  the  same  effect  in  graphs 
of  the  pressure  behind  the  reflected  shock  against 
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Fig.  9a.  Reflected  shock  pressure  vs  angle  of 
incidence.  Solid  polyurethane. 
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angle  of  incidence.  As  may  be  expected,  the  pressure 
ratio  across  the  reflected  shock  is  much  greater  for 
the  foam  than  for  the  solid  polyurethane. 

5.2.  Critical  Angle  for  Mach  Interaction 

Consideration  of  both  simple  three-shock  theory 
(c.g.,  |6] ) and  of  the  velocity  of  the  disturbance 
arising  from  the  point  where  the  two  incident  waves 
first  interact  shows  that  Mach  bridges  begin  to  form 
at  a value  of  a for  which  the  (low  velocity  behind  the 
reflected  wave  q2  is  just  sonic.  Points  marked  x in 
Figs.  8a  and  8b  arc  calculated  angles  for  which  the 
velocity  is  sonic. 

Figure  10a  shows  the  calculated  variation  of  the 
critical  angle  of  incidence  (ac)  for  Mach  bridge  for- 
mation as  a function  of  incident  shock  pressure  (pt ). 
For  any  incident  shock  strength,  angles  of  incidence 
less  than  ac  should  give  regular  reflections  and  angles 
of  incidence  greater  than  ac  should  give  Mach  reflec- 
tions. The  two  points  marked  R and  the  three  points 
marked  M,  corresponding  to  experiments  F36,  F37; 
F26,  F38,  and  F42;  show  that  the  calculated  curve  is 
in  the  correct  place  but  might  not  be  of  the  right 
shape. 

The  theoretical  prediction  that  the  value  of  ae 
increases  with  incident  shock  strength  was  tested  by 


an  additional  experiment  (FS2)  in  which  the  incident 
shock  pressure  was  6.3  kbar  and  the  angle  of  incidence 
was  13*4°.  By  comparison  with  the  point  for  experi- 
ment F26  at  pj  =1.9  kbar,  a = 1 2° , which  had  a Mach 
bridge,  experiment  FS2  should  have  given  a Mach  re- 
flection if  ac  decreased  with  increasing  pj , and  a 
regular  reflection  if  the  theory  is  correct.  In  the  event 
no  Mach  bridge  was  formed,  and  the  full  set  of  experi- 
mental points  is  plotted  in  Fig.  10b  with  experiment 
F52  ringed. 

6.  CONCLUSIONS  AND  DISCUSSIONS 

Hugoniot  data  has  been  obtained  by  a novel  radio- 
graphic  technique  for  polyurethane  foams  of  density 
0.3,  0.19,  and  0.09  g cm-3.  It  has  been  shown  that 
as  the  pressure  is  increased  above  about  1 kbar,  the 
density  decreases.  Previous  reported  data  on  poly- 
urethane foam  (3,7)  has  been  insufficiently  accurate 
to  show  this  phenomenon. 

It  has  been  shown  both  experimentally  and  theo- 
retically that  whereas  for  fully  dense  materials  the 
critical  angle  of  incidence  for  Mach  reflection  de- 
creases with  increasing  incident  shock  strength,  for 
foams  the  critical  angle  increases  with  increasing 
incident  shock  strength.  Figure  1 1 shows  that  this 
behavior  is  applicable  for  weak  shocks  in  porous 


(a)  Before  expt.  F52.  (b)  Including  expt.  F52  (ringed). 

Fig.  10.  Comparison  of  predicted  critical  angle  with  experimental  results. 
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Fig.  11.  Critical  angle  -incident  shock  pressure  curves 
for  various  foam  densities. 

polyurethane  of  all  initial  densities.  The  critical  angle 
of  incidence  at  given  shock  pressure  is  a minimum  for 
that  porous  density  for  which  the  Hugoniot  is  vertical, 
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r„ 

Pom  P + 9 Pot  > 

* o i 

which  is  0.51  g cm'3  for  polyurethane. 
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APPENDIX  A 

Calculation  of  Plate  Flight  Velocity 

Measurements  taken  from  the  radiographs  alluded 
to  under  “treatment  of  Hugoniot  data,”  Sec.  3 and  in 
Appendix  B,  depend  upon  the  true  direction  of  flight 
being  known  for  the  plate  elements.  Since  the  plates 
are  driven  under  sidebum  conditions  (the  explosive  is 
initiated  linearly  at  one  end)  the  true  flight  altitude  is 
neither  the  static  angle  of  incidence  to  the  f oam  block, 
nor  the  angle  observed  in  the  dynamic  radiographs  be- 
tween the  plates  and  the  uncrushed  portion  of  the 
block. 

If  AD  is  the  static  plate  position,  and  BD  is  the 
part  of  the  plate  still  visible  in  free  flight  at  the  time 
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of  the  flash  x-ray,  and  AC  represents  the  surface  of 
the  foam  block,  then 


in  tfie  triangle  BDC,  Vc  is  the  velocity  of  the  plate 
contact  along  the  foam  block  surface  (timed  by 
probes)  and  Vp  is  the  plate  velocity;  hence 


sin  02  sin  BDC 


b6c  - 90"  - (fa  - 1 *4^) 
■i(180°*fa-fa). 


APPENDIX  B 

Results  are  listed  from  measurements  taken  on  the 
radiographs  of  Experiment  F48.  Fired  in  vacuum. 
pQ  =0.186  gem'3. 

As  shown  in  Fig.  4,  normals  a,  b,  c,  etc.,  are  drawn 
to  the  corrected  plate  flight  angle  on  both  sides  of  the 
block.  Mean  values  are  taken  from  each  pair  of  similar 
measurements.  Measurements  arc  taken  along  the 
normals  from  the  original  foam  block  surface  lines, 

i.  to  'he  free  surface  of  the  brass  plate  (X  - L), 
and 

ii.  to  the  shock  wave  front  in  the  foam  (X),  where 
L is  the  thickness  of  crushed  foam. 

Times  from  plate  impact  for  each  normal  inter- 
section with  the  original  foam  surface  were  given  by 
probe  data. 

In  the  table  below,  t,  W,  u,  p and  p/p0  arc  calculated 
for  points  midway  between  the  intersections  of  each 
pair  of  normals  with  the  plate  and  shock  wave  front 
(see  Fig.  4). 


Therefore 


Vp(=  u in  text) 


Vc  sin  02 

sin  -j  (180°  + 0i  -02) 


i 
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Normal 

X 

(cm) 

m 

t 

Ors) 

Shock 

Velocity 

W 

(mmus”1 2) 

Particle 

Velocity 

UP  , 
(mm  ms-1) 

Shock 
Pressure 
p = P0Wu 
(kbar) 

Compression 

V/v 

°*  P0  P 

Other  Data 

alS2 

0.55 

0.43 

r 

b,b2 

1.08 

0.83 

3.16 

2.19 

1.67 

6.82 

4.24 

1.53 

Initial  plate  velocity 

1.57 

1.22 

5.26 

2.05 

1.61 

6.13 

4.71 

1.38 

uo 

= 1 .90  mm  us  1 

clc2 

did2 

2.04 

1.60 

7.37 

1.92 

1.55 

5.54 

5.17 

1.26 

Time  interval  between  zone 

9.47 

1.82 

boundaries  ~2.1 1 us 

1.51 

5.10 

5.87 

1.28 

clc2 

2.48 

1.96 

11.58 

1.76 

1.38 

4.52 

4.72 

1.38 

f,f2 

2.90 

2.30 

3.31 

13.68 

1.69 

1.36 

4.30 

5.12 

1.27 

Pn 

= 0.186  g cm'3 4 5 

i>lg2 

2.63 

15.79 

1.61 

1.30 

3.90 

5.20 

1.25 

Pn. 

= 1.210  g cm”3 

hlh2 

3.70 

2.94 

17.92 

1.59 

1.32 

3.91 

5.92 

1.10 

iii2 

4.09 

3.26 

• 

20.00 

1.51 

1.16 

3.25 

4.29 

1.52 

V 

iiJ2 

4.45 

3.54 

vos 

= 1.30 

22.10 

1.47 

1.18 

3.22 

5.07 

1.28 

k,k2 

4.81 

3.83 

V 

24.21 

1.51 

1.16 

3.25 

4.29 

1.52 

Vnv 

(t  = 0)  = 1.54 

1,12 

5.20 

4.11 

m|m2 

5.49 

4.38 

26.31 

1.32 

1.11 

2.75 

6.40 

1.02 

Pmax<*  = °)  = 8.4  kbar 

5.83 

4.66 

28.42 

1.38 

1.16 

2.98 

6.09 

1.07 

PO 

— 31.5  us)  = 2.9  kbar 

n,n2 

NOTE: 


(1)  Lines  ata2  arc  near  the  initial  Impact  end  of  the  shocked  foam;  njnj  are  near  the  interaction  plane  between  the  shock 
waves. 

(2)  Plotting  1 Ip  against  t.  and  extrapolating  to  t = C gives  pm,x  = 8.4  kbar  at  the  position  of  first  contact. 

(3)  Plotting  1/p  against  t,  and  extrapolating  to  t = 3i.S  u*.  p (at  interaction)  = 2.9  kbar.  (In  this  experiment  a Mach  bridge 
was  partly  visible.)  The  pmlx  figure  (8.4  kbar)  is  plotted  on  the  Hugoniot  at  v/v0I  - 1 .54  (see  Fig.  5). 

(4)  Angle  of  incidence  between  the  shock  waves  and  the  central  plane  was  1 8' . 

(5)  X and  (X  - L)  are  dimensions  taken  from  the  radiograph,  unsealed.  Scaling  factor  = 0.87. 
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ON  BLAST  WAVES  IN  LIQUIDS 


M.  i Kamel,1  G.  E.  Abouseif,2  R.  H.  Guirguis,3 
>.  A.  Farag,4  and  A.  K.  Oppenheim5 
Cairo  University,  Egypt 
and 

University  of  California,  Berkeley,  USA 


An  analysis  of  initial  stages  of  explosion  in  liquids  is  presented.  First  a simple 
method  for  determining  the  trajectory  of  the  shock  front  in  the  time-space  domain 
is  introduced.  It  is  based  on  the  postulate  that  the  shock  velocity  is  practically 
identical  to  that  of  the  positive  characteristic  at  the  head  of  the  flow  field.  Then 
the  evolution  of  the  structure  of  the  non-steady  flow  field  is  determined  on  the 
basis  of  an  experimentally  observed  trajectory  of  the  gas  bubble  formed  by  the  ex- 
plosion initiating  charge.  This,  in  turn,  is  based  on  the  postulate  that  the  density 
profile  obeys  a power  law  dependence  on  radius.  The  exponent  of  the  law  is  deter- 
mined from  the  mass  integral.  Pressure  profiles  are  obtained  directly  from  the  Tail 
equation  of  state,  while  velocity  profiles  are  evaluated  by  integrating  the  continuity 
equation.  The  solution  provides  an  insight  into  the  role  of  the  gas  bubble  formed 
by  the  explosive  charge  in  driving  the  blast  wave. 


INTRODUCTION 

Knowledge  of  blast  waves  in  liquids  is  of  primary 
importance  to  the  theory  of  explosions  in  two  re- 
spects : 1 ) evaluation  of  'he  effects  of  explosions, 
especially  with  reference  to  underwater  events,  and 
2)  enhanced  understanding  of  micro-explosions  in 
condensed  phase  explosives  prior  to  their  ignition.  In 
both  cases,  the  front  of  the  blast  wave  propagates 
through  the  condensed  medium,  while,  close  to  the 
center,  there  is  a gas  bubble  formed  by  the  blast  ini- 
tiator. 


1 Assistant  Profcuor,  Cairo  University,  Egypt,  currently  a 
I'ulbright  Scholar  at  the  University  of  California,  Berkeley, 
USA. 

^Research  Assistant,  Cairo  University,  Egypt. 

^Research  Assistant,  University  of  California,  Berkeley,  USA. 

^Professor,  Cairo  University,  Egypt. 

^Professor,  University  of  California,  Berkeley,  USA. 


An  analytical  study  of  such  phenomena  is  seri- 
ously handicapped  by  the  scarsity  of  data  on  the 
equation  of  state  for  the  shock  compressed  medium. 
However,  since  the  most  complete  set  of  information 
now  available  is  on  water,  having  been  obtained  in 
connection  with  interest  in  underwater  explosions, 
we  have  concentrated  our  attention  in  this  study  es- 
sentially on  this  case. 

The  most  readily  observable  quantities  in  blast 
waves  are  the  trajectory  and  strength  of  the  leading 
shock  wave,  in  the  case  of  underwater  explosions 
one  has  in  addition  data  on  the  trajectory  of  the  gas 
bubble  created  in  the  course  of  the  energy  deposition 
process.  For  point  explosions  the  front  trajectory  is 
usually  determined  from  the  energy  integral,  e.g. 
Korobeinikov  (1)  and  Sakurai  (2),  a procedure  which 
requires  an  a priori  knowledge  of  the  profiles  of  gas- 
dynamic  parameters  throughout  the  flow  field.  There 
is  one  exceptional  case  of  an  approximate  method  de- 
veloped in  Manchester  by  the  group  of  Chester  (3), 
Chisnell  (4),  and  Whitham  (5),  known  as  the  Whitman 
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rule  which  does  not  require  this  information.  It  is  ap- 
plicable when  the  wave  front  becomes  decoupled 
from  the  source  of  explosion,  rendering  the  energy  in- 
tegral essentially  meaningless,  as  in  the  case  of  the 
Guderley  implosion  or  the  Raizer-Heyes  solution  of 
explosions  in  an  exponential  atmosphere  (6).  The 
rule  is  based  on  the  postulate  that  only  positive  char- 
acteristics can  influence  the  trajectory  of  the  front, 
the  feed-back  conveyed  by  negative  characteristics 
being  negligible.  Preliminary  studies  revealed  that  for 
the  initial  stages  of  explosions  in  liquids,  as  a conse- 
quence of  the  relatively  low  Mach  number  of  the 
front,  one  may  go  ore  step  further  and  simply  assume 
that  the  slope  of  the  positive  characteristic  is  in  effect 
equal  to  that  of  the  front  itself. 

Thus,  to  obtain  an  analytical  solution  for  blast  tra- 
jectory and  shock  strength  in  terms  of  the  initial 
charge  radius,  the  differential  equation  for  the  posi- 
tive characteristic  is  expressed  in  terms  of  referential 
derivatives  with  respect  to  front  velocity.  The  trajec- 
tory of  the  front  in  the  time-space  domain  is  then  de- 
termined by  integrating  the  characteristic  equation, 
while  the  thermodynamic  parameters  across  the 
shock  wave  are  evaluated  by  the  use  of  a modified 
Tait  equation  of  state  that  takes  into  account  the  ef- 
fects of  dissipation  across  the  shock.  The  trajectory 
of  the  shock  at  the  front  and  its  strength,  obtained  in 
this  manner,  compare  favorably  with  experimental 
results  reported  by  both  Hantel  and  Davis  (7)  and 
Coleburn  and  Roslund  (8). 


of  the  latter  are  obtained  directly  from  those  of  the 
former. 

One  should  observe  that  our  simplified  method  of 
analysis  obviates  the  use  of  the  equations  of  momen- 
tum and  energy.  The  reason  for  fhis  is  that  the  re- 
sults of  the  first  could  not  be  sufficiently  accurate 
since  they  have  to  be  based  on  the  knowledge  of  the 
decay  coefficient  that  has  to  be  evaluated  by  triple 
differentiation  of  the  front  trajectory-a  procedure 
requiring  a much  more  precise  data  than  those  af- 
forded by  the  experiment;  the  second,  on  the  other 
hand,  becomes  superfluous  as  a consequence  of  the 
introduction  of  the  density  power  law-a  well  estab- 
lished feature  of  analysis  based  on  this  device. 

Finally,  it  should  be  pointed  out  that  surface  or 
buoyancy  effects  have  been  neglected.  Thus,  the  va- 
lidity of  our  results  is  strictly  limited  to  the  initial 
phase  of  explosion  when  the  gas  bubble  formed  by 
the  initiator  is  still  expanding,  and  before  diffusion 
across  the  interface  and  the  feed-back  effects  causing 
its  oscillations  become  predominant. 


FRONT  TRAJECTORY  ANALYSIS 

For  a non-steady,  one-dimensional  isentropic,  but 
not  necessarily  homentropic,  flow  field,  the  equation 
for  the  positive  characteristic  can  be  written  as  fol- 
lows, Courant  and  Friedrichs  (1 1): 


To  gain  an  insight  into  the  evolution  of  the  flow 
field  between  the  lead  shock  front  and  the  gas  bubble 
in  the  center,  an  approximate  solution  is  obtained 
that,  m essence,  utilizes  the  density  power  law  devel- 
oped by  Mel’nikova  (9)  and  Bach  and  Lee  (10).  The 
analysis  presented  here  is  applied  to  experimental  rec- 
ords of  Coleburn  and  Roslund  (8)  obtained  by  the 
use  of  spherical  charges  of  pentolite  set  off  in  water. 

Specifically,  the  power  law  postulates  that  the 
density  at  any  point  in  the  flow  field  is  proportional 
to  the  ratio  of  the  radius  of  this  point  and  that  of  the 
front  raised  to  some  power  a.  The  value  of  this  index 
is  determined  from  the  principle  of  mass  balance  ex- 
pressed in  terms  of  the  mass  integral  between  the 
front  and  the  inner  interface  between  the  water  and 
the  gas  bubble.  The  continuity  equation  is  then  di- 
rectly integrated  yielding  the  velocity  profiles.  More- 
over, since  the  Tait  equation  of  state  provides  a direct 
relation  between  density  and  pressure,  space  profiles 


6p  + pa  6u  + 


jpua2  fr 
u + a r 


0) 


where  r is  the  radius  playing  here  the  role  of  an  inde- 
pendent space  variable,  while  p,  p,  u and  a are  the 
density,  pressure,  particle  velocity,  and  the  local 
speed  of  sound,  respectively,  while  j is  a geometric 
factor  equal  to  0, 1 , and  2 for  plane,  cylindrical  and 
spherical  geometries,  respectively.  In  the  above  d ex- 
presses a referential  derivative  with  respect  to  the  ab- 
solute velocity  of  local  sound  waves,  i.e.,  6 ( ) = 

3(  )/3t  + (u  + a)  3(  )/d r.  where  t denotes  time. 

As  pointed  out  in  the  introduction,  our  analvsis  is 
ba^d  on  the  assumption  that  the  slope  of  the  positive 
characteristic  can  be  identified  with  that  of  the  front. 
This  means  that  in  the  above  equation  u + a = w, 
where  w s dR/dt,  the  propagation  velocity  of  the 
front,  while  r = R,  its  radius.  Thus  Eq.  (1)  becomes 
reduced  to 
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dp  + padu+^^-~  = 0 (2) 

where  d denotes  the  referential  derivative  with  re- 
spect to  the  wave  front  velocity,  w. 

Thermodynamic  properties  of  the  medium  are  ex- 
pressed in  terms  of  a modified  form  of  the  Tail  equa- 
tion of  state  that  takes  into  account  the  fact  that  the 
flow  field  is  non-homentropic,  so  that  the  effects  of 
energy  dissipation  at  the  front  are  taken  into  account, 
Richardson,  et  al.  (12),  namely 


On  the  basis  of  the  above  expressions,  parameters 
of  state  of  the  medium  immediately  behind  the  shock 
front  are  evaluated  from  the  Rankine-Hugoniot  con- 
ditions combined  with  Eq.  (3).  One  obtains  thus  the 
following  relations,  establishing  the  boundary  condi- 
tions for  the  flow  field  and  providing  proper  basis  for 
the  determination  of  its  structure, 


A„  = Jr(‘'-l)/2v  (5) 


Or1/*'-  1)  (rr  - 1) 


fir 


l/v 


(4) 


P 


(3) 


where 


1.181 

If*4 


B = 3.134  -^(T-  328)- 
103 

(T  - 328)2  +~(T-  328)3  Kbar 


and 


while 


TT^-l 
7 r1/*’ 


(6) 

(7) 

(8) 


wu  : ihe  temperature  T measured  in  degrees  Kelvin. 
Subscript  a in  Eq.  (3)  refers  to  conditions  of  the  un- 
disturbed medium  while  v is  an  index  usually  taken 
equal  to  7. 

To  cast  the  formulation  of  the  problem  into  a non- 
dimensional  form,  we  introduce  a field  variable  x = 
r/R,  a front  variable  % = R/R0,  where  subscript  o re- 
fers to  the  initial  radius  of  the  explosive  charge,  and  a 
shock  strength  parameter  n = (pn  <■  B)/B  where  sub- 
script n denotes  conditions  immediately  behind  the 
shock  front.  Gasdynamic  parameters  of  the  flow 
field  are  expressed  then  in  terms  of  the  following 
non-dimensional  variables: 


1 v(irilv  - 1) 

y “ is  ■ <■ 

M2  ffl/^TT-l) 


(9) 


With  the  aid  of  these  expressions,  Eq.  (2)  is  re- 
duced to  a quadrature  relating  the  shock  strength  7r  to 
the  distance  £,  as  follows 


d In  £ = - - -1-  - d In  v (10) 

yj(l -rr-1/*') 


where 


1/2 


F(rr ) = (l+(yrr ‘'+,''2T1  j 


This  is  solved,  subject  to  initial  conditions  specified 
by  the  initial  Mach  number  of  the  shock  (i.e.,  y0)  at 
£ = 1 which,  for  the  purpose  of  this  analysis,  was 
taken  to  correspond  to  the  value  of  v behind  the 
Chapman-Jouguet  detonation  wave  in  the  explosive 
charge. 


Local  velocity  of  sound  is  expressed  in  terms  of 
the  sound  speed  modulus  f = (3  1 n p/9  In  p)$,  so  that 
a2  = Tp Ip,  while  ag  is  obtained  from  Eq.  (3)  for  B * 
B(Ta)  whence,  neglecting  the  change  in  liquid  tem- 
perature during  the  isentropic  process,  aa  * i»B(T4)/pg. 


The  initial  motion  of  the  interface  may  now  be  de- 
termined by  noting  that 


fi  = 


Xj 


d In  Xi\ 

+ dint  j 


(11) 
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where  suuscript  i denotes  the  condition  immediately 
ahead  of  the  interface.  At  £ = 1 , one  may  set  fj  = fn 
which,  with  the  aid  of  Eqs.  (8)  and  (9),  yields 


h yj 


dx  = 


1 

j+1 


‘'O-W' 

where 


02) 


60  = (d  In  Xj/d  In 
The  decay  coefficient  of  the  wave, 

X = d (In  y)/d(ln  J)  - - 2 R R/R2 


where  = rj/R.  With  the  aid  of  Eq.  (14),  one  ob- 
tains finally 


a + j + 1 = 


(j  + l)hn(i  -xf+M) 
1 _£-(j+l) 


(15) 


In  the  above,  Xj  can  be  expressed  simply  in  terms  of  £, 
by  postulating  that 


x,-*-*  (16) 


where  dots  express  time  differentials  as  used  by 
Newton,  can  then  be  expressed  in  terms  of  the  shock 
strength  as  follows: 


jrr(y  - rr'^+1  >/") 
1 T F(rr) 


(13) 


FIELD  STRUCTU! 


From  experimental  data  it  appears  that  the  exponent 
6 is  practically  constant. 

By  virtue  of  the  Tait  equation  of  state,  pressure  at 
each  point  in  the  flow  field  is  directly  related  with 
density  by  Eq.  (3),  provided  that,  as  it  is  quite  reason- 
able at  the  initial  stages  of  the  process,  it  is  assumed 
that  B(T)  = B(Ta).  Hence 


Upon  establishing  the  trajectory  of  the  front,  it  is 
of  interest  to  inquire  into  the  structure  of  the  flow 
field.  Of  particular  interest  in  this  connection  is  the 
role  played  by  the  gas  bubble  iri  the  middle  of  the 
blast  wave:  is  it  acting  as  a piston  driving  the  wave, 
or  as  a void  around  the  center  that  is  created  as  a con- 
sequence of  the  motion  imparted  upon  the  liquid  by 
the  initial  force  of  the  explosion?  In  order  to  resolve 
this  question,  a very  simple  analysis  leading  to  an 
algebraic  solution  is  developed.  As  pointed  out  in  the 
introduction,  it  is  based  on  the  assumption  that  the 
density  of  *he  liquid  at  any  point  in  the  flow  field  can 
be  expressed  as  a power  function  of  the  radius,  that 
is,  in  terms  of  the  non-dimensional  variables, 

h = hn  x“  (14) 

where  a is  a function  of  £.  The  relation  between 
them  is  established  on  the  basis  of  the  mass  balance 
requiring  the  mass  of  the  liquid  engulfed  by  the  front 
to  be  contained  within  a volume  bounded  by  the  in- 
terface and  the  front,  i.e. 

R fR 

p rJ  dr  * I pa  r*  dr 
m R0 

or,  in  non-dimensional  form 


P = hv  (17) 

Velocity  profiles  are  obtained  from  the  continuity 
equation  which,  in  non-dimensional  form  can  be  writ- 
ten as,  Oppenheim,  et  al.  (13), 


3f  , f 
3x+j  x 


3h 

3 In  i 


= 0 


With  the  aid  of  Eq.  (14),  and  by  using  the  outer  and 
inner  boundary  conditions  at  the  wave  front  and  bub- 
ble, respectively,  the  above  equation  can  be  inte- 
grated to  give 


f-x 


(f„-01n  x) 
o+J+ 1 


\X 


1 -X“+1+1 


(18) 


where 


_ d In  (a  + j + 1 ) 

dint 


while 


fs 


1 -x,“+J+1 


(hn 


- S + 0 In  Xj) 
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Fig,  1.  Analytical  and  experimental  trajectories  of 
the  wave  front  generated  by  underwater  explosions 
during  the  initial  stages  of  propagation,  and  experi- 
mental trajectory  of  the  gas  bubble  interface. 


Fig.  3.  Dependence  of  the  decay  coefficient  on  front 
radius. 


derived  by  Hantel  and  Davis,  than  those  evaluated  by 
the  use  of  Whitham’s  rule.  It  is  of  particular  interest 
to  note  the  oscillatory  behavior  of  the  decay  coeffi- 
cient based  on  experimental  data.  As  pointed  out  in 
the  introduction,  this  annihilates  effectively  the  util- 
ity of  these  data  for  the  evaluation  of  the  blast  wave 
structure.  Obviously,  values  of  the  slope  of  the  un- 
dulating curve  and  of  its  derivative,  that  determine 
the  magnitude  of  the  decay  coefficient  on  which  such 
an  evaluation  crucially  depends,  would  be  most  un- 
reliable. 

The  trajectory  of  the  front  of  the  blast  wave  and 
of  the  interface  between  the  gas  bubble  and  water 
establish  boundary  conditions  for  equations  describ- 
ing the  structure  of  the  wave.  Such  conditions,  ex- 
pressed in  terms  of  the  density  at  the  front,  hn,  the 
front  velocity  parameter,  y,  evaluated  from  Eqs.  (7), 


Fig.  4.  Front  parameters  specifying  boundary  condi- 
tions for  the  evaluation  of  the  flow  field. 


(9)  and  (10)  are  shown  in  Fig.  4.  Also  displayed 
there  is  the  trajectory  of  the  interface  according  to 
experimental  observations  of  Colebum  and  Roslund 
(8).  In  the  semi-log  coordinates  of  Fig.  4 it  plots  as  a 
straight  line  whose  equation,  obtained  by  a least 
square  fit  to  experimental  data,  is 

xj  = 0.99413  $-0A734 

This  yields  for  the  exponent  of  Eq.  (16):  6 = 0.47. 
The  functional  dependence  of  a on  £,  established  on 
the  basis  of  Eq.  (15),  has  been  also  plotted  on  Fig.  4. 

On  this  basis,  the  density,  pressure  and  velocity 
profiles,  for  different  values  of  front  parameter  In  £, 
have  been  evaluated  by  the  use  of  Eqs.  (14),  (17)  and 
(18),  respectively,  and  are  displayed  in  Figs.  5-7. 

CONCLUSIONS 

The  paper  presents  a simplified  analysis  of  blast 
waves  generated  by  underwater  explosions.  It  dem- 
onstrates first  the  validity  of  extending  Whitham’s 
rule  to  its  logical  extreme  by  assuming  that  the  veloc- 
ity of  the  shock  front  is  practically  equal  to  that  of 
the  forward  characteristic  corresponding  to  condi- 
tions immediately  behind  it.  The  structure  of  the 
wave  is  then  evaluated  on  the  basis  of  an  exponential 
dependence  between  the  space  coordinates  of  the  in- 
ner interface  and  the  front,  with  index  determined 
from  experimental  observations. 

Gasdynamic  profiles  exhibit  a typical  piston-driven 
nature  of  the  blast  wave,  indicating  that  the  energy  of 
the  explosion  continues  to  be  deposited  into  the 


Fig.  5.  Density  profiles.  The  dashed  line  indicates 
the  location  of  the  interface. 
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Fig.  6.  Pressure  profiles.  The  dashed  line  indicates 
the  location  of  the  interface. 


water  through  the  action  of  the  interface  for  a signifi- 
cant period  of  time  after  initiation.  This  provides  an 
incentive  for  a more  detailed  analysis  of  the  phenom- 
enon, utilizing  a more  accurate  equation  of  state  for 
water  and  a more  exact  method  of  analysis. 

Moreover,  on  the  basis  of  our  simplified  analysis,  a 
method  could  be  devised  for  estimating  the  initial 
stages  of  underwater  explosions  from  the  knowledge 
of  the  energy  of  the  ignitor  as  specified  by  its  detona- 
tion velocity  D,  a measure  of  the  density  of  exo- 
thermic energy,  and  its  initial  size,  R0.  For  this  pur- 
pose, experimental  evidence  indicates  that  a value  of 

O.S  could  be  considered  adequate  to  represent  the  in- 
terface index  <5  in  Eq.  (16),  which  could  be  used  to 
estimate  the  trajectory  of  the  interface.  The  front 
trajectory,  on  the  other  hand,  may  either  be  esti- 
mated directly  from  Fig.  1 , by  using  the  proper  values 
of  D and  R0,  or  by  integrating  Eqs,  (9)  and  (10)  to 
get  £ = £ (y),  with  a second  integration  yielding  $ = 

| (t).  To  estimate  the  flow  field  structure  between 
the  front  and  interface,  the  value  of  6 may  be  substi- 
tuted into  Eq.  (15)  to  give  a = a (£)  which,  in  turn,  is 
substituted  into  Eq.  (14)  to  obtain  the  density  distri- 
bution. The  distributions  of  pressure  and  particle  ve- 


Fig. 7.  Particle  velocity  profiles.  The  dashed  line  in- 
dicates the  location  of  the  interface. 


locity  may  then  be  determined  from  Eqs.  (17)  and 
(18),  respectively. 
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DISCUSSION 

RUSSELL  E.  DUFF 
Systems,  Science  and  Software 
La  Jolla,  California 

The  analysis  presented  is  closely  coupled  to  the 
observed  motion  of  the  gas  bubble.  Do  you  know  if 
the  reported  motion  was  corrected  for  optical  distor- 
tion caused  by  the  spherical  density  field?  If  so,  have 
you  checked  the  correction  with  your  calculated  den- 
sity profile?  If  not,  how  important  is  this  neglect, 
based  on  your  calculated  profile,  on  the  experimental 
data  and  on  your  analysis? 


REPLY  BY  A.  K.  OPPENHEIM 

The  authors  are  obligated  to  Dr.  Duff  for  the  point 
he  raised.  They  do  not  know  whether  Colebum  and 
Roslund  have  taken  properly  into  account  the  refrac- 
tivity  effects  in  their  observation  of  the  motion  of  the 
interface  between  the  gas  bubble  and  water.  How- 
ever, it  should  be  pointed  out,  the  results  of  the  anal- 
ysis concerning  the  structure  of  the  flow  field  depend 
significantly  on  the  trajectory  of  the  interface.  Thus, 
if  the  data  of  Colebum  and  Roslund  are  not  accurate 
enough,  the  density  profiles  presented  on  Fig.  5,  the 
pressure  profiles  presented  on  Fig.  6,  and  the  particle 
velocity  profiles  presented  on  Fig.  7 may  be  in  error. 
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EFFECTS  OF  ALUMINUM  AND  LITHIUM  FLOURIDE  ADMIXTURES  ON 
METAL  ACCELERATION  ABILITY  OF  COMP  B 


Cert  Bjaraholt 

Swedish  Detonic  Re«arch  Foundation 
Box  32058,  S-l  26  1 1 Stockholm,  Sweden 


The  ability  to  act  lerate  metal  of  Comp  B and  a cast  RDX/TNT  based  explosive 
with  15%  aluminum  or  lithium  flouride  admixture  has  been  determined  by  streak 
camera  recording  of  the  radial  motion  of  25  mm  ID  copper  tubes  with  a wall  thick- 
ness of  2.28  mm  loaded  with  explosives.  Detonation  data  has  also  been  calculated 
with  a computer  code  using  the  BKW  eos.  From  a comparison  between  calculations 
and  experiments  using  lithium  flouride  to  simulate  aluminum  inert  in  the  explosive 
the  aluminum  reaction  influence  on  the  performance  of  the  explosive  could  be 
studied.  The  first  experimental  evidence  of  a pressure  increase  caused  by  the  reac- 
tion of  the  30-60  pm  aluminum  was  noticed  about  4 ps  behind  the  detonation. 

The  final  experimental  aluminum  reaction  contribution  to  metal  velocity  was  less 
than  35%  of  that  predicted  by  expansion  work  calculations  along  the  BKW  CJ- 
isen  trope. 


INTRODUCTION 

Detonation  calorimeter  experiments  and  thermo- 
dynamic calculations  show  that  aluminum  mixed  into 
ordinary  high  density  CHNO  explosives  gives  a con- 
siderable increase  in  the  chemically  liberated  energy 
of  the  explosive. 

It  is  also  known  that  the  main  part  of  the  energy 
from  the  aluminum  reaction  can  be  converted  to 
expansion  work  when  these  explosives  are  detonated 
under  water  ( 1 ).  The  products  can  then  do  work  for 
relatively  long  times  and  to  a low  final  pressure. 

In  short  time  high  pressure  applications  however 
the  performance  of  aluminized  explosives  are  often 
disappointing. 

In  computer  code  calculations  of  detonation  data 
of  aluminized  explosives  one  often  finds  that  the 
isentrope  through  the  Cl  point  falls  below  the  non- 
aluminized  explosive  matrix  isentrope  in  the  high 
pressure  region. 


At  some  intermediate  pressure  along  the  CJ  isen- 
trope however  the  isentrope  of  the  aluminized 
explosive  crosses  that  of  the  explosive  matrix  and 
stays  above  during  the  rest  of  the  expansion  to  at- 
mospheric pressure. 

The  aim  of  this  work  has  been  to  try  to  increase 
the  knowledge  of  the  mechanisms  that  limit  the 
possibility  to  get  increases  in  expansion  work  by 
adding  aluminum  to  an  explosive. 

There  are  at  least  three  possible  mechanisms  that 
can  be  of  importance  in  limiting  the  performance  of 
aluminized  explosives. 

1 . A long  burning  time  of  the  aluminum. 

2.  Nonequilibrium  during  the  expansion  between 
gaseous  products  and  the  main  aluminum  product 
AljOj  which  is  present  in  condensed  form. 

3.  Changes  in  the  equation  of  state  of  the  prod- 
ucts caused  by  the  aluminum  admixture  such  that  the 
internal  energy  is  less  efficiently  converted  to  expan- 
sion work. 
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To  get  more  information  on  the  importance  of 
these  mechanisms  we  chose  to  study  the  effects  of 
mixing  aluminum  and  lithium  flouride  into  a cast 
RDX/TNT  explosive.  The  reason  for  the  use  of 
lithium  flouride  was  that  it  should  effect  the  ex- 
plosive performance  very  much  the  same  as  aluminum 
if  the  aluminum  was  behaving  inert  in  the  explosive. 

EXPERIMENTAL 

The  cylinder  test  was  the  experimental  technique 
chosen  to  determine  the  performance  of  the  ex- 
plosives. In  this  test  the  radial  motion  of  the  walls  of 
an  explosive  loaded  metal  cylinder  detonated  from 
one  end  is  measured  (2,  3, 4). 

Our  standard  test  consists  of  a 24.96  mm  ID, 

29.S2  mm  OD  and  300  mm  long  copper  cylinder 
filled  with  explosive.  Specifications  arc  given  in  Fig. 

1 . The  explosive  is  detonated  from  one  end  and  a 
streak  camera  records  the  radial  motion  of  the  copper 
wall  through  conventional  shadowgraph  technique. 

The  streak  camera  recording  (Fig.  2)  gives  radius 
versus  time  data  from  which  position,  velocity,  accel- 
eration and  energy  of  the  cylinder  wall  can  be  calcu- 
lated. From  acceleration  data  the  pressure  in  the 
products  can  be  determined. 

A high  intensity  argon  flash  driven  by  explosives 
was  used  as  a light  source  behind  the  cylinder. 

A ip  52  mm  plane  wave  lens  and  a booster  of 
pressed  93  PETN/7  wax  was  used  to  initiate  the  ex- 
plosives. 


The  velocity  of  detonation  was  determined  con- 
ventionally by  measuring  the  interval  between 
closure  of  two  ionization  contacts. 


EXPLOSIVES  MATERIAL  STUDIED 

The  explosives  chosen  for  tnis  investigation  were 
cast  60  RDX/40  TNT  (hexotol  60/40, 42.5 
RDX/42.5  TNT/15  A1  (hexotonal  1 5)  and  42.5 
RDX/42.5  TNT/15  Uf  (hexotolif  1 5).  Data  on  the 
explosives  are  summarized  in  Table  1 . The  two  types 
of  aluminum  powder  used  were  both  so-called 
atomized  aluminum  having  irregularly  shaped  grains 
with  a free  A1  content  higher  than  98.5%.  The 
lithium  flouride  of  purum  quality  was  ground  until  it 
had  the  same  particle  size  distribution  as  the  coarser 
of  the  two  aluminum  powders.  The  particle  size 
distribution  of  the  A1  and  Uf  is  given  in  Fig.  3. 

The  explosives  were  cast  in  copper  tubes  wiih  an 
inner  diameter  of  24.96  ± 0.10  mm,  outer  diameter 
30  mm.  The  temperature  of  the  explosives  when 
casting  was  83-84°C  and  the  moulds  *vere  preheated 
to  85-90°C.  For  each  type  of  explosive  three 
identical  charges  were  made.  Two  were  used  for  the 
cylinder  test  experiments  and  one  was  used  to  check 
the  density  and  the  A1  and  UF  content  at  the  upper 
and  lower  ends  of  the  charge. 

EVALUATION  OF  STREAK  CAMERA 
RECORDINGS  AND  FITTING  OF  DATA 

The  streak  camera  recordings  were  evaluated  by 
means  of  a coordinate  microscope.  About  60  points 
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Fig.  2.  Streak  camera  recording  of  cylinder  test  # 5 (hexotol  60/40). 


on  the  recording  were  transformed  to  displacement- 
time data.  The  displacements  were  then  corrected  for 
light  diffraction  in  the  air  shock. 

Tlie  optical  observation  of  the  expansion  of  the 
cylinder  wall  is  disturbed  by  the  air  shock  that  is 
formed  outside  the  expanding  wall.  The  correction 
Ar  needed  to  determine  the  real  position  of  the  wall 
from  a streak  camera  recording  is: 


Ar  = R' 


7i(no  ~ 1)  + 1 


-1 


(1) 


for 


R'/K, 


• < rj(n0  - 1)  + I / 


where  R'  is  the  apparent  outer  radius  of  the  cylinder 
wall,  R„  is  the  radius  of  the  air  shock  formed  outside 
the  wall,  n0  is  the  refractive  index  of  the  undisturbed 


air  and  r?  is  the  compression  (V0/V)  of  the  air  be- 
tween the  cylinder  wall  and  the  air  shock  front. 

Shock  wave  data  for  air  was  taken  from  reference 
(5). 

The  real  radius  R of  the  outer  cylinder  surface  is 
then  obtained  from: 

R = R'  - Ar  (2) 

The  correction  Ar  can  be  expressed  as  a function 
of  the  apparent  displacement  along  the  streak  camera 
slit  (R'  - Ru).  R0  is  the  original  outer  radius  of  the 
wall.  The  same  correction  Ar  = f(R  - R0)  shown  in 
Fig.  4 was  used  for  ail  shots  because  the  compression 
r?  of  the  air  is  not  very  sensitive  to  the  differences  in 
performance  of  the  explosives  tested  in  this  paper. 

In  Fig.  S an  example  of  the  early  time  streak 
camera  recording  of  a cylinder  test  is  shown. 


/ 
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OVER  GIVEN  SIZE 


TABLE  l 


DA  TA  ON  THE  EXPLOSIVES 


weight% 


From  analyses  of  test  charge 


Al* 

Al* 

LiF* 

Density 

Density 

Density 

Voids 


(upper  end) 
(lower  end) 
(lower  end) 
(mean) 
(upper  end) 
(lower  end) 


weight% 
" % 

“ % 
g/cm3 
g/cm3 
g/cm3 
volume% 


Hcxotol 

60/40 

Hexotonal 

1580 

Hexotonal 

15100CS 

Hexotolif 

1580 

58.9 

42.1 

42.1 

42.1 

39.9 

42.1 

42.1 

42.1 

1.2 

0,8 

0.8 

0.8 

— 

15.0 

15.0 

- 

~ 

15.0 

15.0 

15.0 

— 

15.2 

15.2 

- 

— 

— 

— 

15.1 

1.691 

1.758 

1.758 

1.758 

1.687 

1,755 

1.756 

- 

1.690 

1.762 

1.762 

1.760 

1.1 

2.3 

2.3 

2.1 

Al  and  Lil'  particle  aizc  is  given  in  Fig.  3. 


Al  in  hexotonol  1390 
UF  in  haxotol  if  1590 


/\ 

Al  in  / \ 

hexotonal  15100c* 


10  too 

MESH  SIZE  (jim) 

Fig.  3.  Particle  size  distribution  of  Al  and  LiF. 

The  reproducibility  of  radius-time  data  in  the  test 
is  normally  better  than  0.5%.  For  comparison  Ar/ 

(R  - R„)  is  1 .8%  for  R - Rc  = 1 mm,  0.6%  for  (R  - 
R0)  = 5 mm,  and  0.3%  for  (R-  R0)  ■ 30  mm. 

The  original  thickness  of  the  cylinder  walls  varied 
between  2.28  and  2.31  mm  for  the  shots  in  this 
paper.  Displacement-time  data  were  normalized  to  a 
wall  thickness  of  2.28  mm  the  following  way.  If  t'  * 
f(R  - Rc)  is  valid  for  a wall  thickness  of  S we  have 
for  wall  thickness  2.28  mm 


10  20 

I* -Up)  (mm) 

Fig.  4.  Correction  for  light  diffraction  in  air  shock  in 
$ 30  nun  cylinder  test. 


An  expression  of  the  form  used  by  Hoskin  et  al 


t - A + B(R-RC)  + CexpD(R-R0)  (4) 

was  then  fitted  to  the  experimental  t,  (R  - R0)  nor- 
malized coordinates  for  every  shot.  Here  t ■ time 


-hi 


Fig.  5.  Streak  camera  recording  of  cylinder  test  at 
early  times  with  influence  of  air  shock  on  recording. 


from  the  start  of  the  expansion  and  A,  B,  C and  D are 
constants  in  the  fit.  This  was  done  for  (R-  R0)  = 

5,6, ....  30  mm. 

In  Fig.  6a  and  6b  one  can  sec  how  the  fit  is  repro- 
ducing the  experimental  time  coordinates.  The  first 
part  of  the  expansion  from  (R  - R0)  * 0 to  5 mm 
where  internal  shocks  in  the  cylinder  wall  are  still  of 
importance  cannot  be  described  by  formula  (4).  The 
details  of  the  early  time  behaviour  of  the  wall  have 
been  treated  by  Wilkins  (7). 

The  initial  velocity  which  stays  constant  for  about 
1 fjs  can  be  evaluated  by  a straight  line  fit  to  the 
displacement  time  coordinates  during  the  first  micro- 
second of  movement. 

RESULTS 
Experimental  Data 

Two  shots  of  respectively  hexotol  60/40,  hexotonai 
1580  and  hexotonal  15100CSwere  fired.  For  hexotolif 
1580  only  one  experiment  was  made.  The  reproduci- 
bility of  the  displacement  versus  time  coordinates  was 
normally  better  than  0.5%. 

As  representative  of  the  explosives  tested  shot  #5 
was  chosen  for  hexotol  60/40,  #6  for  hexotonal 
1 580,  #8  for  hexotonal  15100CSand  #10  for 
hexotolif  1 580.  Detonation  velocity  was  measured 


for  every  shot.  Results  are  given  in  Table  2.  Tire 
aluminum  and  the  lithium  flouridc  had  the  same 
lowering  effect  on  detonation  velocity.  From  7630 
m/s  for  pure  hexotol  50/50  to  about  7500  m/s  with 
15%  .41  or  LiF. 

The  initial  velocity  of  the  cylinder  wall  calculated 
from  a straight  line  fit  to  the  displacement  versus 
time  coordinates  during  the  first  0.75  mm  of  the 
expansion  is  given  in  Table  4.  This  velocity  reflects 
the  pressure  at  and  very  close  to  the  front.  It  is  the 
same  within  the  experimental  error  for  hexotonal 
1580,  hexotonal  15100CS,  and  hexotoiif  1 580.  This 
indicates  that  the  front  pressure  in  these  explosives  is 
the  same.  Hexotol  60/40  however  gives  about  9% 
higher  velocity  indicating  about  10%  higher  front 
pressure. 

When  one  compares  the  early  time  movement  of 
the  wall  for  the  different  explosives  one  finds  that  the 
expansion  for  hexotolif  1580  starts  to  lag  behind  that 
of  hexotonal  1580  and  15100CS  after  about  4-5  mm 
of  expansion  corresponding  to  about  4 /ts  behind  the 
detonation  front.  This  indicates  that  a considerable 
part  of  the  aluminum  must  have  reacted  within  4 /as. 

For  the  expansion  from  5 to  30  mm  the  ex- 
pression (4)  was  fitted  to  the  expansion  data.  Values 
of  constants  in  the  fit  together  with  displacement- 
time,  and  displacement-velocity  calculated  from  the 
fits  arc  presented  in  Table  2 and  3 and  Fig.  7. 

The  wall  velocity  was  highest  for  hexotol  60/40 
during  the  whole  expansion  to  (R  - R0)  = 30  mm. 

The  velocities  for  hexotonal  1 5100CS  and  1 580  at 
this  expansion  were  3.5  respectively  4.1%  lower  than 
that  for  hexotol  60/40. 

it  should  be  pointed  out  that  the  displacement- 
time  data  one  gets  from  a streak  camera  recording  as 
in  Fig.  2 does  not  describe  the  motion  of  one  and  the 
same  point  of  the  cylinder  wall.  Therefore  the 
velocity  one  gets  from  direct  differentiation  of 
formula  (4)  is  not  the  true  particle  velocity  of  the 
wall  but  rather  a phase-velocity. 

The  difference  between  the  two  velocities  is  how- 
ever so  small  that  it  can  be  neglected  in  most  cases. 

In  the  experiments  in  this  work  for  example  the 
particle  velocity  of  the  wall  is  at  the  most  si  .5% 
lower  than  the  velocity  we  get  from  direct 
differentiation  of  the  streak  camera  data. 
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(R-R©)  (mm) 

Fig.  6a  and  b.  Difference  between  experimental  and  fitted  time  at  given  expansions. 


COMPUTER  CODE  CALCULATIONS 

Results  from  calculations  performed  by  Roger 
Holmberg  at  this  laboratory  with  a computer  code  for 
detonation  data  calculations  developed  at  Los  Alamos 
Scientific  Laboratory  with  a BKW  eos  (8)  are  shown 
in  Table  5. 

The  velocity  of  detonation  U lowered  (1%)  if  the 
aluminum  is  assumed  to  react  before  the  CJ-plane 
compared  to  the  case  where  it  is  considered  inert  and 
only  melts. 

In  Table  S one  can  also  see  that  the  aluminum 
reaction  increases  the  CJ  pressure  about  3%  and  that 


the  temperature  is  raised  considerably  by  the 
aluminum  reaction.  The  front  of  the  detonation 
wave  is  thus  not  strengthened  very  much  by  the 
aluminum  reaction. 

The  main  part  of  the  aluminum  reaction  energy  at 
the  front  goes  into  thermal  energy. 


ESTIMATION  OF  THE  WORK  DONE  BY 
THE  EXPLOSIVES 

From  thermodynamic  considerations  one  should 
expect  the  work  done  by  most  CHNO  ideal  explosives 
in  a isentropic  expansion  from  detonation  conditions 


TABLE  2 


CYLINDER  TEST  RESULTS  NORMALIZED  TO  COPPER  CYLINDER 
(pj  = 24.96  mm,  <f>y  = 29.52  mm 


I 

Explosive 

Density 

g/cm3 

— 

Detonation 

velocity 

m/s 

, 

Time  t (/xs)/velocity  vc(mm//is)  at 
(R-R0)  = (mm) 

5 

10 

15 

20 

25 

30 

Hexotol  60/40 

1.691 

7810 

4.44 

7.74 

10.85 

m 

16.80 

19.71 

1.45 

1.57 

1.64 

m 

1.71 

1.72 

6 

Hexotonal  1580 

1 7 <57 

7490 

4.84 

8.38 

11.69 

14.86 

17.96 

21.01 

1.35 

1.47 

1.55 

1.60 

1.63 

1.65 

8 

Hcxotonal  15100CS 

1 .759 

7510 

4.77 

8.31 

11.59 

14.73 

17.79 

20.81 

1.34 

1.48 

1.57 

1.62 

1.65 

1.66 

10 

Hexotolif  1 580 

1.758 

7510 

4.81 

8.45 

11.87 

15.19 

18.44 

21.66 

1.32 

1.42 

1.49 

1.53 

1.55 

1.56 

The  explosive  matrix  in  hexotol  151  OCK'S  and  1580  and  hcxotolif  1580  is  50  RDX/50  TNT.  With  the  same 
void  volume  as  in  hcxotonal  15  the  experimental  detonation  velocity  of  this  matrix  is  estimated  to  bo  7630 
m/s, 


TABLE  3 


RESULTS  OF  FIT  TO  EXPERIMENTAL 
WALL  EXPANSION  DATA  FOR 
5<(R-Ro)<30  mm 


Shot 

t = 

A + B(R-R0)  + C exp 

D(R-RC) 

# 

A 

B 

- — 

C 

D 



5 

2.573 

0.5733 

- 1 .778 

-0.11424 

6 

3.118 

0.5989 

-2.240 

-0,11239 

8 

3.038 

0.5945 

-2.281 

-0.12204 

10 

2.616 

0.6364 

-1.845 

-0.12400 

TABLE  4 


INITIAL  RADIAL  WALL  VELOCITY 


Shot 

# 

Explosive 

Initial 

velocity 

(m/s) 

5 

hexotol  60/40 

721  ± 15 

6 

hexotonal  1580 

648±  15 

8 

hexotonal  15100CS 

665  t 15 

10 

hexotolif  1 580 

663  ± 15 

to  atmospheric  pressure  in  the  products  to  be  close  to 
the  heat  of  detonation  (-AHd)  of  the  explosive.  The 
expansion  in  the  cylinder  test  can  be  approximated 
by  an  adiabatic  expansion  from  the  CJ-point  down  to 
'that  expansion  where  products  start  to  leak  out 
through  cracks  in  the  wall  (3, 6). 

We  have  found  that  this  happens  at  an  expansion 
of  (R  - R0)  a 35  mm  in  our  cylinder  test.  The 
corresponding  pressure  in  the  products  is  then  of  the 
order  of  some  hundred  bars  and  the  total  work  done 
is  of  the  order  of  80-90%  of  the  work  available  in  an 
expansion  to  atmospheric  pressure. 

Jacobs  has  proposed  a model  for  calculation  of  the 
isentropic  expansion  work  W to  a final  pressure  P0 
(9).  With  this  model  one  gets 


P(v)  = isentrope  of  the  products  through  the  CJ 
point 

Pj  = pressure  at  the  CJ  point 


516 


■ — - - ““  n 

init.,  Lbt  ’r  i T-fal  ’ii  '!k.i  - . A 


TABLE  5 


Explosive 


RESULTS  FROM  BK  W CODE  CALCULA  TIONS 


Hexotol  Hexotonal  Hcxotonal  Hexotolif 

60/40  15  15  15 


A1  -*  Ai203  at  Al  inert  LiF  inert 

the  CJ-plane  (melting  only)  (melting  only) 
Al,  A1203  Al  compressible  LiF  compressible 
compressible 


Density  (g/cm3) 


Detonation  velocity  (CJ) 
(Experimental  value) 


CJ  pressure  (GPa) 
CJ  temperature  (K) 


Heat  of  detonation 1 
at  the  CJ-point. 

On  the  isen  trope 
through  the  CJ  point 
at  0.1  GPa 


^ AH  (standard  state  298  K and  1 bar). 


7921  7421 

(7820)  (7490) 


1.758 


7497 

(7490) 


23.9 

2363 


.87 


1.758 


7485 

(7510) 


TABLE  6 

EXPERIMENT  A L ENERG  Y PAR  TITIONING  AT  (R-RJ  = 30  MM 
IN  CYLINDER  TEST 


Explosive 

— 

Hexotol 

60/40 

Hexotonal 

1580 

Hexotonal 

15100CS 

Hexotolif 

1580 

A.  Kinetic  energy  of  MJ/kg1 

the  metal 

3.01 

2.70 

2.67 

2.38 

B.  Kinetic  energy  of  the  MJ/kg1 
reaction  products 

C.  Internal  energy2  MJ/kg1 

in  the  metal 

0.71 

0.66 

0.66 

0.59 

0.2 

0.2 

0.2 

0.2 

D.  PdV-work  against  the  MJ/kg1 
surrounding  ah 

W = A+8  + C + D.  Total  MJ/kg1 

work  done  in  the  ex- 
pansion to (R-P0) 

3 30  mm 

0.02 

0.02 

0.02 

0.02 

3.9 

3.6 

3.6 

3.2 

1 MJ/kg  of  explosive 

^Private  information,  C.  Mader,  LASL 


Pu  = final  pressure  in  the  expansion 

Uj  = particle  velocity  of  the  products  at  the  CJ 
point. 

With  this  model  and  data  from  the  BKW  calcula- 
tions W has  been  calculated  for  the  explosives  tested 
in  this  investigation.  Together  with  the 
experimentally  determined  work  the  data  arc 
presented  in  Fig.  8. 

In  Table  6 the  total  experimental  expansion  work 
as  summed  at  an  expansion  (R  - R0)  » 30  mm  is 
presented. 

DISCUSSION  OF  RESULTS 

It  is  reasonable  to  assume  that  LiF  behaves  mainly 
inert  in  our  explosive.  Such  physical  properties  as 
density,  compressibility,  melting  point  and  boiling 
point  are.  very  similar  for  LiF  and  aluminum.  LiF 
should  thus  affect  the  detonation  properties  of  the 
explosive  very  similary  to  aluminum  if  aluminum 
behaves  inert. 

From  Table  5 one  can  also  see  that  the  code 
predicts  the  same  detonation  velocity  and  detonation 


pressure  within  1%  for  hexotonal  IS  with  aluminum 
inert  and  hexotolif  15.  Detonation  pressure  however 
is  raised  about  3%  and  detonation  velocity  lowered 
about  1%  when  aluminum  is  inert  and  only  melts. 

In  the  experiments  the  same  detonation  velocity 
within  the  experimental  error  of  about  ± 0.2%  was 
recorded  for  hexotonal  15  and  hexotolif  1 5.  The 
initial  wall  velocity  was  also  the  same  within  an 
experimental  erro:  of  about  ± 2%. 

According  to  the  BKW  code  calculations  the 
aluminum  reaction  influences  the  velocity  and  pres- 
sure conditions  at  the  front  very  little.  Therefore 
nothing  can  be  said  about  the  degree  of  aluminum 
reaction  from  the  experimental  detonation  velocity 
and  initial  wall  velocity  data.  It  is  only  after  some 
initial  e pansion  that  the  aluminum  reaction  can  give 
a marked  pressure  increase.  In  our  experiments  the 
wall  velocity  for  hexotonal  1 5 starts  to  increase  when 
compared  to  that  of  hexotolif  1 5 after  about  4 ps  of 
expansion. 

M Finger  et  al  (4)  could  also  see  the  first  effects  of 
the  aluminum  reaction  about  3 jus  behind  the  front 
when  they  studied  5 pm  Al  in  al  HMX  based  ex- 
plosive in  the  cylinder  test.  The  time  of  the  first 


Fig.  7.  Wall  velocities  calculated  from  the  fit  to  experimental  displacement-time  data  for 

(R  - Ra)  between  5 and  30  mm. 
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pressure  increase  docs  thus  not  seem  to  be  changed 
markedly  if  one  uses  5 pm  or  30-60  pm  aluminum. 

If  one  uses  the  fit  (4)  to  calculate  the  acceleration 
of  the  wall  at  an  expansion  of  (R  - R0)  = 25  mm, 
hexotonal  1 5100CS  and  1580  shows  about  55% 
higher  acceleration  than  hexotolif  1 580  indicating 
55%  higher  pressure  in  the  products  at  this  expansion. 

To  summarize  the  question  of  the  degree  of 
aluminum  reaction  in  the  explosives,  our  data  can  be 
used  to  say  that  the  first  sign  of  aluminum  reaction 
appears  at  about  4 ps  behind  the  front.  Our  data 
does  however  not  allow  us  to  say  anything  about  the 
degree  of  reaction  in  the  region  between  the  front 
and  4 ps  thereafter. 

The  difference  in  performance  between  hexotonal 
1 580  and  1 5 100CS  is  very  slight.  About  1%  higher 
wall  velocity  was  observed  for  hexotonal  1 5 1 00CS 
than  for  hexotonal  1580  at  expansions  larger  than  10 
mm.  The  difference  in  performance  one  gets  between 


30  pm  At  and  60  pm  A1  is  thus  just  barely  significant 
in  the  experiment. 

The  expansion  work  calculated  along  the  BKW 
isentrope  is  much  larger  than  the  total  expansion 
work  from  the  experimental  data  (Fig.  8).  This  con- 
firms the  observation  made  by  Kury  et  al  (3)  that 
metal  acceleration  to  relatively  large  expansions  in 
cylinder  geometry  is  poorly  predicted  on  an  absolute 
basis  by  an  expansion  work  calculation  along  the 
BKW  eos  isentrope.  If  one  compares  the  products 
composition  and  the  heat  of  detonation  calculated 
along  the  BKW  isentrope  for  hexotol  60/40  with 
experimental  detonation  calorimeter  products 
composition  and  heat  of  detonation  data  for  Comp  B 
(1  i ) which  is  very  similar  to  hexotol  60/40  one  finds 
that  the  main  part  of  the  absolute  discrepancy  can  be 
explained  by  differences  between  the  calculated  and 
the  experimental  products  composition  and  heat  of 
detonation.  For  hexotol  60/40  the  heat  of  detona- 
tion (~A'H)  calculated  along  the  CJ  isentrope  down  to 
0.1  GPa  varies  between  5.7  and  5.8  MJ/kg.  For 


Fig.  8.  Expansion  work  calculated  along  the  BKW  isentrope  and  experimental  expansion  work  detennined 

at  (R  -R0)~  JO  mm. 
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Comp  B a heat  of  detonation  of  4.69  MJ/kg  i.e.  18% 
less  was  determined  in  a detonation  calorimeter 
which  allowed  the  products  to  expand  fairly  isen- 
tropically  (11). 

Fig.  8 shows  that  the  experimental  difference  in 
expansion  work  between  hexotonal  1 5 and  hexotolif 
1 5 is  much  smaller  than  that  calculated  by  the  BKW 
code.  According  to  the  experiments,  hexotonal  15 
yields  only  12%  more  expansion  work  at  (R  - R0)  - 
30  mm  than  hexotolif  1 5 instead  of  the  31% 
difference  calculated  by  the  BKW  code.  Even  if  we 
take  into  account  that  the  code  tends  to  overestimate 
energies  at  large  oxygen  deficits  the  discrepancy  is 
too  great  to  be  explained  by  this  alone. 

We  must  conclude  that  some  assumption  basic  to 
the  calculation  is  violated.  The  BKW  code  assumes 
that  there  is  thermodynamic  equilibrium  between 
solid  and  gaseous  reaction  products  and  that  the 
reactions  arc  completed  at  the  CJ-plane. 

We  conclude  that  under  the  experimental  con- 
ditions either,  or  both  of  these  assumptions  are 
violated  and  that  nonequilibrium  and/or  a low 
reaction  rate  of  the  aluminum  is  responsible  for  much 
of  the  difference  between  the  calculated  and  the 
experimental  yield  of  expansion  work  from  the 
aluminum  reaction. 


ACKNOWLEDGEMENTS 

This  work  was  done  as  part  of  a co-operation  be- 
tween The  Swedish  Detonic  Research  Foundation 
and  The  National  Defence  Res.  Inst.,  Dept.  2 
(FOA2).  The  author  is  grateful  to  many  members  at 
FOA25  who  made  this  work  possible.  Roger 
Holmberg  at  this  laboratory  made  the  BKW  code 
calculations  and  the  program  for  the  fitting  of  the 
expansion  data.  The  author  is  also  indebted  to  Pcr- 
Anders  Persson  for  useful  comments  and  to  Ulla 
Bruce  for  typing  the  >nanuscript. 


REFERENCES 

1 .  G.  Bjarnholt,  “Strength  Testing  of  Explosives  by 
Underwater  Detonation,”  Swedish  Detonlc  Re- 
search Foundation,  Stockholm.  Report  DS 
1975:8(1975). 


2.  E.  L.  Lee  et  al,  “Adiabatic  Expansion  of  High 
Explosive  Detonation  Products,”  University  of 
California,  Livermore.  Report  UCRL  50422 
(1968). 

3.  J.  W.  Kury  et  al,  “Metal  Acceleration  Ability  of 
Chemical  Explosives,”  Proceedings  Fourth 
Symposium  (Int)  on  Detonation,  Office  of  Naval 
Research,  Report  ACR-I26  (1965). 

4.  M.  Finger  et  al,  “Metal  Acceleration  by  Com- 
posite Explosives,”  Proceedings  Fifth 
Symposium  (Int)  on  Detonation,  Office  of  Naval 
Research,  Report  ACR-184  (1970). 

5.  W.  E.  Deal,  “Shock  Hugoniot  of  Air,”  J.  of 
Applied  Physics,  28,  No.  7 (1957). 

6.  N.  E.  Hoskin  et  al,  “The  Motion  of  Plates  and 
Cylinders  Driven  by  Detonation  Waves  at 
Tangential  Incidence,”  Proceedings  Fourth 
Symposium  (Int)  on  Detonation,  Office  of  Naval 
Research,  Report  ACR-126  (1965). 

7.  M.  Wilkins,  “The  Use  of  One-  and  Two- 
Dimensional  Hydrodynamic  Machine 
Calculations  in  High  Explosive  Research,”  Pro- 
ceedings Fourth  (Int)  Symposium  on  Detona- 
tion, Office  of  Naval  Research,  Report  ACR-126 
(1965). 

8.  C.  Mader,  “A  Code  for  Computing  the  Detona- 
tion Properties  of  Explosives,”  Los  Alamos 
Scientific  Laboratory,  Report  LA  3704  (1967). 

9.  S.  J.  Jacobs,  Navord  Report  4366,  Naval  Ord- 
nance Laboratory,  White  Oak,  Silver  Spring, 
Maryland  (1965). 

10.  J.  E.  Kennedy,  “Gurney  Energy  of  Explosives: 
Estimation  of  the  Velocity  and  Impulse  Imparted 
to  Driven  Metal,”  Sandia  Laboratories,  Sandia 
Corporation,  Livermore,  California.  Report 
SC-RR-70-790  (1970). 

11.  H.  C.  Homig,  Private  information  (1973), 
Lawrence  Livermore  Laboratory,  California. 


520 


ACCELERATION  OF  SPHERICAL  METAL  SHELLS  BY  HIGH  EXPLOSIVES: 
DETONATION  VELOCITY  ALONG  THE  SHELL  SURFACE  AND  EFFICIENCY 

OF  ENERGY  TRANSFER 


H.  U.  Freund,  W.  Geiger,  and  G.  Honda 
Battelle-Institut,  Frankfurt,  Germany 


The  acceleration  of  spherical  aluminum  shells  loaded  on  the  outside  with  high 
explosive  (Composition  B 60:40)  was  investigated  for  various  radii  of  the  liner  and 
various  thicknesses  of  the  explosive  layer.  Detonation  was  initiated  through  a small 
detonator  at  one  point  of  the  explosive  surface  (pole).  For  polar  angles  of  0 to  90° 
both  the  velocity  of  the  detonation  front  and  the  liner  velocity  were  measured.  A 
decrease  of  the  detonation  velocity  with  decreasing  radius  of  the  liner  is  observed 
along  the  liner  surface.  The  variation  of  the  liner  velocity  with  polar  angle  was 
measured  for  various  shell  radii  and  explosive  thicknesses.  From  these  data  the 
efficiency  of  energy  transfer  from  the  explosive  to  the  liner  is  deduced.  The  results 
are  compared  to  a modified  detonation  head  theory. 


1.  INTRODUCTION 

For  charges  with  curved  liners  it  is  important-e.g., 
for  the  purpose  of  projectile  dcvelopment-to  know 
for  each  liner  segment  the  time  at  which  it  is  being  set 
into  motion  by  the  explosive  and  what  is  its  final 
velocity.  The  aim  of  the  work  described  in  this  paper 
was  to  determine  the  dependency  of  the  liner  velocity 
on  the  charge  parameters  in  the  spherical  case,  mainly 
the  radius  of  curvature  and  the  explosive  to  liner  mass 
ratio. 


2.  EXPERIMENTAL  SETUP 

Spherical  aluminium  shells  with  wall  thicknesses  of 
2 to  3 mm  and  radii  of  30, 60  and  120  mm  were 
loaded  on  the  outside  with  high  explosive  (Composi- 
tion B 60:40)  of  constant  thickness  in  the  range  of  10 
to  60  mm.  The  explosive  was  cast  onto  the  shells. 

The  charges  were  ignited  on  one  point  (pole)  through 
a small  detonator.  The  detonation  front  is  traced  for 
polar  angles  from  0°  to  90°  (120°  in  some  cases)  by 
small  coaxial  pin  contacts  inserted  into  the  explosive 


charge  as  shown  in  Fig.  1 . The  array  of  pins  allows 
the  detonation  velocity  to  be  determined  along  a 
straight  line  through  the  point  of  ignition  in  the  bulk 
of  the  explosive  as  well  as  along  the  explosive/liner 
interface  in  the  shadow  region.  i.e.  the  region  not 
seen  from  the  ignition  point. 

In  addition  the  initial  motion  of  the  liner  is 
measured  through  slightly  modified  pins  placed  inside 
the  spherical  liner.  An  array  of  such  pins  is  shown  in 
Fig.  2.  In  order  to  avoid  mutual  disturbance  of  the 
pins  the  bundle  of  pin  tips  had  to  be  spread  laterally 
as  indicated.  A close-up  construction  view  of  the  two 
types  of  pin  contacts  is  given  in  Fig.  3.  A total  set  of 
30  pins  was  employed.  The  short  circuit  signal  of 
each  pin  allowed  the  measurement  of  the  time  of 
arrival  of  the  detonation  front  and  of  the  liner  surface 
accurately  to  ±10  ns  and  ±20 ns  respectively.  The 
exact  pin  tip  positions  were  taken  from  X-ray  photo- 
graphs for  the  pins  embedded  in  the  explosive  and 
through  special  callipers  for  the  pins  inside  the 
spherical  shell.  The  estimated  errors  are  1/20  mm 
and  : /10  mm  respectively. 
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3.  RESULTS 


o.l  b.) 

Fig.  3.  Pin  types  used  for  measurement  of:  a.)  deto- 
nation velocity  and;  b.)  liner  velocity. 


(a)  Detonation  Velocity 

The  detonation  velocity  along  the  explosive/liner 
interface  in  the  shadow  region  was  compared  to  the 
unperturbed  detonation  velocity  in  the  explosive 
bulk.  A decrease  of  the  detonation  velocity  is  ob- 
served in  the  shadow  region.  The  smaller  the  radius 
of  the  sphere  the  more  pronounced  is  this  effect. 
Within  the  experimental  error  limits  this  reduced 
detonation  velocity  can  be  regarded  constant  and 
independent  of  the  explosive  thickness.  The  results 
are  summarized  in  Fig.  4.  Also  included  in  this  figure 
there  are  experimental  values  obtained  from  cylindri- 
cal charges  with  point  ignition  at  the  cylinder  surface. 
As  can  be  expected  the  reduction  effect  is  smaller  and 
about  one  half  of  that  for  a sphere  of  the  same  radius. 
The  experimental  data  for  the  variation  AD  of  the 
detonation  velocity  D are  well  represented  by  a 
formula  similar  to  one  given  by  Chlret  (1) 
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AD  , k 
D R 


with  a * I for  cylinders 
a * 2 for  spheres 
and  k = 1 mm  for  Comp.  B 


For  the  cylindrical  case  an  estimate  on  the  basis  of 
Chapman-Jouguet’s  theory  has  been  made.  While  the 
detonation  proceeds  along  the  curved  surface  the 
pressure  is  reduced  by  a certain  amount  due  to  lateral 
expansion  of  the  reaction  zone  (i.e.  the  zone  within 
which  pressure  determines  the  continuous  reinitiation 
of  the  detonation  front)  into  the  shadow  region.  As  a 
consequence  the  detonation  velocity  will  be  reduced. 
Assuming  the  reaction  zone  to  have  a thickness  of 
1 .5  mm  the  theoretical  curve  fits  the  experimental 
data  quite  well  as  shown  in  Fig.  4. 

(b)  initial  Liner  Velocity  vo 

From  the  pin  measurement  inside  the  spherical 
shell  the  contours  of  the  collapsing  shell  in  the  initial 
phase  have  been  mapped.  The  liner  velocity  was 
obtained  from  these  contours.  Figure  S shows  an 
example  of  the  diagrams  of  the  liner  location  s versus 
time  along  the  polar  angle  0 = 30°  direction.  A first 
order  approximation  for  the  initial  velocity  vo  was 
obtained  from  the  initial  slope  of  the  s(t ) curve.  This 
value  was  corrected  by  taking  into  account  the  Taylor 
deflection  angle.  As  can  be  seen  there  is  a marked 
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Fig.  5.  Definition  of  initial  liner  velocity  v0. 


increase  in  the  liner  inner  surface  velocity  after  about 
4 hi  due  to  the  convergent  flow  of  the  liner  material. 
Experimental  values  for  the  initial  liner  velocity  vo 
were  determined  along  the  meridian  for  values  of  6 
from  0 to  90°.  In  Fig.  6 these  data  have  been  plotted 
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Fig.  6.  Initial  liner  velocity  vq  as  function  of  polar  angle  for  spheres  with  Rm  60  mm,  b = 10  and  30  mm  respec- 
tively /c  * 2.6  and  11.2,  respectively). 


tor  two  different  radii  and  explosive  thicknesses.  As 
can  be  seen  there  is  a general  tendency  for  increase  of 
Vo  with  increasing  polar  angle  0 above  45°.  For  large 
explosive  thicknesses  a pronounced  higher  velocity  vq 
occurs  in  the  polar  region. 

A theoretical  mode!  was  used  to  interpret  the  re- 
sults. As  a first  step  the  interaction  time  ti  of  the 
cxplosive/lincr  system  was  obtained  from  simple 
detonation  head  theory.  It  is  assumed  that  following 
the  detonation  a rarefaction  wave  moves  into  the 
explosion  products  from  the  free  surlace(s)  at  a con- 
stant velocity  and  decreases  the  full  detonation 
pressure  to  zero.  The  period  of  time  between  the 
arrival  at  the  liner  surface  of  the  detonation  front  and 
the  rarefaction  wave  is  taken  as  t| . The  arrival  time  of 
the  rarefaction  wave  is  derived  from  geometrical  con- 
struction as  shown  in  Fig.  7.  The  detonation  wave  at 
7.7  mm/ fn  is  followed  from  the  outer  surface  of  the 
explosive  by  a rarefaction  wave  moving  with  5.8 
nint/ps.  The  rarefaction  which  originates  from  the 
cxplosive/liner  interface  as  the  liner  is  set  into  motion 
is  neglected  in  this  picture. 


Fig.  7.  Shapes  of  detonation  head  at  3 different 
times  after  ignition  for  a spherical  shell  with  R ~ 60 
mm,  b ” 30  mm. 


Fig.  8.  Mean  value  of  initial  liner  velocity  as  function  of  mass  ratio. 
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In  a second  step,  however,  this  latter  rarefaction 
wave  is  taken  into  account.  An  analytical  description 
by  Schramm  (2)  for  the  acceleration  of  a metal  sheet 
by  an  infinitely  thick  layer  of  explosive  is  used.  The 
liner  velocity  vo  is  taken  as  the  velocity  which  the 
liner  has  attained  at  time  tj. 

The  calculated  values  are  represented  by  dashed 
lines  in  Fig.  6.  It  is  obvious  that  in  the  polar  region 
the  experimental  cu/v*s  are  much  smoother  than  the 
calculated  ones.  Also  the  strong  dependence  of  the 
average  liner  velocity  (averaged  over  the  half  sphere) 
on  the  explosive  thickness  is  not  verified  experimen- 
tally. This  can  be  seen  more  clearly  from  Fig.  8 
where  the  average  initial  liner  velocity  vn  is  plotted 
versus  the  explosive  to  liner  mass  ratio  a.  This  ratio  a 
is  defined  analogous  to  the  plane  case  mass  ratio  as 
indicated  in  Fig.  9.  The  experimental  results  justify 
this  definition  which  includes  the  curvature:  All  expe- 
rimental points  for  different  radii  arc  located  along  a 
smooth  curve  within  an  error  bar  of  about  10%.  This 
also  holds  when  the  kinetic  onergy  of  the  liner  is 
related  to  the  explosive  energy  as  shown  in  Fig.  1 0. 

A value  of  H<)  =4.1  • I03  | /g  for  the  specific  explo- 
sive energy  has  been  used.  The  efficiency  of  energy 
transfer  varies  from  20%  to  1%  and  falls  below  the 
theoretical  estimates. 
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i1 
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Fig.  D.  Definition  of  mass  ratio  o for  a segment  of 
spherical  charge. 

Comments  on  the  modified  detonation  head 
model:  At  small  polar  angles  the  initial  velocity  v<)  is 
mainly  affected  by  the  decrease  in  the  pressure  acting 
on  the  liner  with  increasing  angle  of  incidence  of  the 
detonation  front.  The  described  model  seems  to 
overemphasize  this  effect.  Also  the  model  yields  a 
too  strong  dependence  of  vo  on  the  explosive  thick- 
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Fig.  10.  Efficiency  of  energy  transfer  as  function  of  mass  ratio. 
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ness.  This  is  probably  due  to  the  fact  that  the  effec- 
tive interaction  time  t[  for  the  radially  expanding 
explosive  products  is  overestimated. 


IVth  Symposium  on  Detonation,  Report  ACR- 
126,  p.  78  ff.,  1965. 
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DISCUSSION 


M.  VAN  THIEL 

Lawrence  Livermore  Laboratory 
Livermore,  California 

We  have  done  some  2-dimensional  Lagrange  calcu- 
lations to  see  if  the  data  presented  by  Dr.  Freund 
could  be  predicted  by  our  computer  models.  This 
was  especially  of  Interest,  since  the  approximate  re- 
lease wave  model  presented  by  the  authors  suggested 
that  some  shock  effects  might  be  occurring  that  sug- 
gest that  energy  delivery  scales  in  an  unpredictable 
fashion,  perhaps  due  to  an  unexplained  physical 
phenomenon. 

The  results  of  the  computer  calculations  indicated 
that  their  experiments  conform  to  our  models  and 


that  therefore  there  was  nothing  wrong  or  unex- 
pected in  their  experiments. 

We  used  the  JWL  equation  of  state  form  described 
by  Finger,  Lee,  et  al.  with  constants  derived  from  the 
tabulation  in  the  compilation  of  3.  Dobratz.  The 
explosive  energy  and  density  was  scaled  from  the 
values  for  64/36  Comp.  B given  in  the  compendium 
for  the  composition  of  the  60/40  Comp.  B used  by 
the  authors. 

Experimentalists  and  theoreticians  who  at  present 
do  not  have  access  to  a computer  to  do  such  calcula- 
tions should  be  urged  to  attempt  to  get  such  access  to 
aid  their  design  and  analysis  work. 


CALCULATED  SPHERICAL  SHOCK  WAVES  PRODUCED  BY 
CONDENSED  EXPLOSIVES  IN  AIR  AND  WATER 


H.  M.  Sternberg  and  H.  Hurwitz 
Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  Maryland  20910 


Spherical  shock  wave  computations  were  made  with  a conventional  Lagrartgian 
artificial  viscosity  scheme,  augmented  by  a sharp  shock  routine  in  which  the  main 
shock  is  fitted  by  the  method  of  characteristics,  with  exact  tracking  of  the  shock 
inside  the  Ixtgrangian  cells.  It  is  shown  that  relatively  small  effects  on  air  blast  are 
produced  by  the  use  of  a real  air  equation  of  state  in  place  of  an  ideal  gas  equation, 
and  by  changing  initial  conditions  so  that  initial  transmitted  pressures  range  between 
1 70  and  720  bars.  In  water  centrally  detonated  PBX  9404  is  shown  to  produce  a 
greater  peak  shock  pressure  than  Pentolite,  but  a smaller  tmpulse,  because  more 
energy  is  dissipated  in  shock  heating  of  the  water.  A constant  volume  Pentolite 
explosion  in  water  with  Initial  density  one  fourth  that  of  the  solid  explosive  is 
shown  to  yield  about  30%  more  usable  energy  than  the  centrally  detonated  charge, 
due  to  less  energy  dissipation.  This  energy  comes  out  of  the  HE  gas  bubble  slowly 
and  is  manifested  mainly  as  an  increase  in  impulse.  At  10  charge  radii  from  the 
center,  a constant  volume  Pentolite  explosion  in  water  with  initial  gas  density  equal 
to  that  of  the  solid  explosive  produced  a peak  shock  pressure  11%  greater  and  a p2dt 
integral  14%  greater,  when  compared  with  a centrally  detonated  charge  with  the 
same  density  and  energy. 


INTRODUCTION 

The  limited  possibility  of  a large  increase  in  energy 
output  from  high  explosives  detonated  in  air  or  water 
has  stimulated  interest  in  the  extent  to  which  the 
available  energy  can  be  used  more  efficiently.  It 
seems  clear  that  if  the  energy  is  released  very  slowly 
much  of  it  will  remain  in  the  explosive  gas.  On  the 
other  hand,  the  energy  dissipated  due  to  shock  heat- 
ing of  the  surrounding  medium  will  increase  with  the 
strength  of  the  transmitted  shock.  This  has  led  to 
speculation  that  there  is  an  optimum  energy  release 
for  the  purpose  of  producing  a strong  shock  wave. 
The  effect  of  energy  release  is  examined  here  by 
hydrodynamic  computation  of  three  cases,  all  with 
the  same  total  energy,  covering  a wide  range  of  trans- 
mitted pressures.  These  are  the  shock  waves  pro- 


duced by  a centrally  detonated  high  explosive  sphere, 
by  a constant  volume  sphere  (explosion  product  gas 
initially  at  uniform  pressure  and  density)  at  the 
density  of  the  solid  high  explosive,  and  by  a constant 
volume  sphere  with  a larger  initial  radius  and  one 
fourth  the  density  of  the  solid  explosive.  Other  items 
treated  here  are  the  effects  of  computing  with  a real 
gas  equation  of  state  for  air,  instead  of  an  ideal  gas 
equation,  and  a comparison  of  calculated  shock  wave 
parameters  obtained  with  Pentolite  (50/50  TNT/ 

PETN)  and  the  more  energetic,  higher  detonation 
pressure  explosive  PBX  9404-3  (JIMX/NC/CEF94/3/  3). 

The  finite  difference  scheme,  in  which  Lagrangian 
artificial  viscosity  method  is  used,  and  the  equation 
of  state  used  for  water,  are  described  in  previous 
papers  by  W.  A.  Walker  and  one  of  the  authors.1,2  A 
substantial  change  in  the  computational  scheme, 
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made  recently  and  used  in  the  present  work,  is  out- 
lined in  Sec.  II.  This  is  the  addition  of  a procedure 
for  producing  a sharp  main  shock  in  the  spherical 
flow  computations.  The  shock  is  tracked  through  the 
Lagrangian  mesh  by  shock  fitting,  using  the  positive 
characteristic  extended  back  from  the  shock  to  the 
previous  constant  time  line.  The  method  was  tested 
against  a power  law  similarity  solution  and  results  of 
this  test  arc  given. 

Section  III  deals  with  explosions  in  air  and  Sec.  IV 
with  explosions  in  water.  The  differences  in  the 
nature  of  the  explosion-produced  spherical  waves  in 
air  and  water  come  about  mainly  from  the  thousand 
fold  difference  in  density  of  the  two  media.  It  will  be 
seen  that  the  real  air  effects  while  large,  have  little 
influence  on  the  shock  wave  from  a high  explosive 
because  the  total  mass  of  air  subjected  to  them  is 
small. 

Tire  energy  dissipated  by  shack  heating  is  important 
because  it  determines  the  energy  remaining  to  drive 
the  shock.  Methods  which  use  the  dissipated  energy 
in  the  calculation  have  been  quite  successful  in  pre- 
dicting peak  shock  pressures  vs  distance  in  air  shocks 
from  explosives,  as  in  the  work  of  Por/.el3,  and 
Kirkwood  and  Brinkley4.  In  the  present  work  the 
dissipated  energies  were  found,  after  the  finite  dif- 
ference calculations  were  completed,  in  order  to 
complete  the  description  of  the  energy  partition  and 
distribution  in  the  wave. 


dX/dt  = u, 

3E/3t  = -(p  + q)0v/3t,  (4) 

P = P(E,  v).  (5) 

Here,  X is  the  distance  from  the  center,  p is  the 
density  (=  1/v),  M is  the  mass,  p is  the  pressure,  q is 
the  artificial  viscosity,  E is  the  internal  energy,  and  u 
is  the  particle  velocity.  The  independent  variables 
are  the  time  t and  the  Lagrangian  label  j.  Equation 
(5)  refers  to  the  equation  of  state,  used  in  conjunc- 
tion with  Eq.  (4)  to  find  E and  p after  v is  gotten 
with  Eqs.  (I)-(3). 

The  procedure  will  be’explained  with  Fig.  1 . Let  n 
be  the  time  cycle  in  the  finite  difference  computa- 
tion, and  let  the  mesh  points  correspond  to  integer 
values  of  j.  Suppose  everything  is  known  at  time  tn. 
In  the  advance  to  time  tn+l , one  calculates,  in  the 
artificial  viscosity  scheme,  u at  (j,  n + 1 / 2),  X at 
(j,  n + 1),  and  E,  p,  v,  q at  (j  - 1/2,  n + 1).  Denote 
the  values  of  these  variables  at  the  main  shock  by 
js(n),  Xs(n),  F.s(n),  etc.  Conditions  ahead  of  the 
shock,  being  at  the  initial  ambient  state,  are  known. 
As  the  shock  moves  new  mesh  points  arc  uncovered 
and  values  of  the  flow  variables  at  these  points  must 
be  computed.  Until  the  shock  has  passed  (j  + 1 /2,  n), 
the  acceleration  at  (j,  n)  cannot  be  calculated  from 
the  usual  finite  difference  formulas,  which  use  the 
pressure  at  (j  + 1/2,  n).  Also,  the  specific  volume  at 


II  THE  SHARP  SHOCK 

In  the  earlier  computations^,  the  smearing  of  the 
main  shock  over  several  computations  cells  In  the 
artificial  viscosity  scheme  was  treated  by  introducing 
a finely  zoned  region  which  contained  the  shock  and 
moved  with  it.  Here,  the  shock  is  tracked  through 
the  Lagrangian  mesh  and  exact  values  of  its  Lagrangian 
coordinate  and  position,  and  the  related  flow  variables, 
are  calculated  at  each  time  step.  The  result  is  a 
faster  and  more  accurate  computation. 

For  spherical  flow  the  equations  solved  arc 
pXtj.t) 

M0)  = 4rr  pX2dX,  (1) 


0u/3t  = - 4ffX23(p  + q)/3M, 


(2) 
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Fig.  1.  Fitting  the  sharp  shock  in  the  Lagrangian 
artificial  viscosity  grid. 


(j  - 1/2,  n + 1)  cannot  be  calculated  in  the  usual  way 
if  the  shock  is  in  the  cell  because  X(j,  n + 1 ) is  not 
available.  Insofar  as  it  was  feasible  the  calculations 
for  these  special  points  were  made  with  finite  dif- 
ference forms  of  the  governing  equations  and  not  by 
interpolating  between  values  at  the  shock  and  the 
points  behind  it.  In  Fig.  1 the  mesh  point  0.  n)  will 
be  called  a standard  point,  denoted  by  a cross,  if 
h>\+  1/2.  Otherwise  (j,  n)  will  be  called  a special 
point. 


At  each  time  cycle  the  computation  begins  with 
the  calculation,  for  successive  values  of  j,  of  the 
acceleration  at  (j>  n),  the  velocity  at  (j,  n + 1/2),  the 
position  at  (j,  n + 1),  the  relative  specific  volume 
V(  = v/v„)at  (j  - 1/2,  n + l),and  the  artificial  viscos- 
ity at  (j  - 1/2,  n + 1/2).  This  is  done  for  the  standard 
points  and  followed  by  the  sharp  shock  routine 
where  the  shock  is  fitted  and  values  for  the  special 
points  are  calculated.  After  this,  the  pressures  and 
energies  at  all  the  cell  centers  behind  the  shock  are 
calculated,  a new  time  step  is  determined  from  sta- 
bility considerations,  the  total  energy  is  checked, 
and  a new  cycle  is  started. 


The  only  change  from  the  previous  scheme1*?  in 
the  calculation  for  the  standard  points  is  in  the 
acceleration  calculation  where  a three  point  formula 
is  used.  Denote  the  points  (j  - 3/2,  n),  (j  - 1/2,  n), 

(j  + 1/2,  n),  (j.  n)  by  the  subscripts  1,2,3,  and  4 
respectively.  Recall  that  in  the  Lagrangian  computa- 
tion M(j)  is  always  known,  since  it  is  prescribed  at  the 
beginning  of  the  calculation.  Let  P = p + q and  set 


P = Pt +a(M-M,)  + b(M-Mi)2.  (6) 

The  points  2 and  3 arc  then  used  to  find 


1 


(M3-M2) 

m2-m2 
' m3-m, 


b = 


M3  - M| 
M2-M, 

(P3-P,) 


P3-Pj 


(**2 -Pi) 


Po  -P. 


Mj-Mj 


(M3  - M2) ; 

and  (9P/9M)j  in  Eq.  (2)  from 

(9P/9M)j  = a + 2b(M4-M1). 


(7) 


, (8) 


(9) 


To  fit  the  shock  the  Rankine-Hugoniot  conditions 
must  be  satisfied,  viz, 

Es-Eo  = (ps  + p0Xvo-vs)/2,  (10) 

(us  - uo)2  = (Ps  ‘ PoXv0  - vs),  (11) 

p0(V-u0)=p(V-u),  (12) 

and  on  the  positive  characteristic  between  the  points 
3 and  2 in  Fig.  1 


du+^ 

pc 


dX 

dt 


= u + c. 


(13) 

(14) 


Here  U is  the  shock  velocity  and  c is  the  sound  speed. 
Starting  values  of  U,  cs,  and  us  at  tn+l  are  taken  to  be 
values  at  tn.  Equation  (14)  and  interpolation  of 
known  values  along  tn  are  then  used  to  get  X3,  u3,  c3 
in  Fig.  1 . The  point  3 is  where  the  positive  charac- 
teristic extended  back  from  the  shock  point  at  tn+l 
meets  the  line  t = tn.  Finite  difference  forms  of  (10), 
(1 1 ),  (13),  (5),  and  the  sound  speed  formula  derived 
from  (5),  are  then  solved  simultaneously  for  ps,  Es, 
Vs,  cs,  and  us.  The  shock  velocity  U at  tn+l  is  then 
gotten  with  Eq.  (12)  and  the  entire  process,  starting 
with  the  calculation  of  X3,  u3, c3,  is  repeated  until  it 
converges. 

The  exact  value  of  j at  the  shock  is  calculated  from 

(dj/dt)s  = UX2/(X29Xo/9j),  (15) 

where  the  zero  subscript  refers  to  the  initial  ambient 
state  and  Xo(j)  is  specified  at  the  outset.  Equation 
(1 5)  is  obtained  from 

U = (dX/dt),  = (9X/9j),(dj/dt)s  + u (16) 

combined  with  (1 2)  and  the  mass  conservation  equa- 
tion 


pX2(9X/9j),  =p0Xo(9X0/9j)t.  (17) 

Calculation  for  the  specia]  points  (open  circles  in 
Fig.  1)  is  done  immediately  after  the  shock  fitting. 
Since  j,  is  known  the  mass  in  the  partial  cell  between 
the  shock  and  last  mesh  point  behind  it  can  be 
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(18) 


calculated  from  the  prescribed  function  M(j).  If  j,  at 
t",  is  a special  point  andjs  <j  + 1/2,  the  acceleration 
at  (j,  n)  is  calculated  with  Eqs.  (7),  (8),  and  (9),  with 
M3  and  P3  replaced  by  the  M,  and  Pg,  the  values  at 
the  shock,  at  tn.  If  j + l/2<j,  < j + 1,  Eqs.  (7),  (8), 
and  (9)  can  be  used  directly,  but  a special  calculation 
must  be  made  for  v at  (j  + 1/2,  n + 1).  The  calculated 
mass  in  the  partial  cell  and  the  values  of  Xj  and  Xs 
arc  used  to  get  v at  the  midpoint  of  the  partial  cell. 
Then  v at  (j  + 1/2,  n + 1)  is  found  by  interpolation 
between  the  midpoint  and  the  shock. 

Special  calculations  are  made  to  assign  values  to 
the  flow  variables  when  new  integer  or  half  integer 
values  of  j are  uncovered  as  the  shock  moves  outward. 
When  the  shock  straddles  j + 1 /2,  where  j is  an 
integer,  Es,  Ps,  vs  at  j + 1/2  are  gotten  by  interpola- 
tion between  the  shock  points  at  tn  and  tn+1 . These 
are  then  used  as  the  previous  values  at  j + 1/2  in 
calculating  E and  p at  (j  + 1/2,  n + 1)  with  Eq.  (4). 

The  new  u(i,  n + 1/2)  needed  when  the  shock 
straddles  an  integer  value  of  j is  found  by  interpola- 
tion between  the  shock  and  j - 1 . 

The  sharp  shock  procedure  also  includes  special 
calculations  for  the  initial  flow  at  the  interface 
between  the  HE  gas  and  the  surrounding  medium. 

The  initial  conditions  in  the  explosive  gas  sphere  arc 
either  a constant  state  or  a similarity  solution  for  the 
detonation  wave1 . The  exact  transmitted  shock  con- 
ditions are  calculated  separately  and  applied  at  the 
boundary  as  initial  conditions.  The  rarefaction  wave 
in  the  HE  gas  next  to  the  boundary  is  calculated,  at 
the  beginning,  by  the  method  of  characteristics.  This 
calculation  is  removed  after  a short  time,  so  that  the 
entire  flow,  except  for  the  sharp  main  shock,  is  calcu- 
lated by  the  artificial  viscosity  method.  In  spherical 
flow  a second  shock,  with  zero  initial  strength,  forms 
at  the  tail  of  the  rarefaction  wave  and  moves  back  into 
the  gas.  In  the  calculations  made  to  date  this  second 
shock  was  not  put  into  the  method  of  characteristics 
calculation,  but  formed  in  the  artificial  viscosity 
calculation  after  the  special  calculation  was  stopped. 

The  sharp  shock  scheme  was  tested  with  a known 
similarity  solution.  Suppose  the  pressure  ahead  of 
the  shock  is  zero,  and  the  equation  of  state  of  the 
medium  is  E = p v/(y  - 1 ).  If  7 = 7,  pQ  = 1 , and  a 
spherical  piston  with  initial  values  t2  = 1 , Xj  = 2.5, 
v = 1 , is  moved  into  the  medium  with  velocity  up  = 
t-O.9/4,  the  conditions  at  the  back  of  the  driven 
shock  are 


U = r0-6,  ps  = ru/4,  Xs  = 2.5t°-4 

Table  1 contains  a comparison  of  shock  values 
calculated  with  the  artificial  viscosity  program  con- 
taining the  sharp  shock  scheme,  where  the  spherical 
psiton  is  constrained  to  move  at  the  velocity 
Up  = t-0-9/4,  and  the  exact  values  calculated  with 
Eq.  (1 8).  Note  that  this  does  not  test  the  treatment 
of  the  interface  in  the  computations  with  explosives. 
Also,  it  does  not  test  the  linear  interpolation  for  the 
assigned  particle  velocity  when  the  shock  straddles  an 
integer  value  of  j,  because  the  particle  velocity  in  this 
similarity  solution  is  linear  with  distance. 

TABLE  1 


Comparison  of  Shock  Values  Calculated  with  the 
Sharp  Shock  Procedure  and  with  a Spherical  Flow 
Similarity  Solution,  at  t = 10087.3 


Sharp  Shock 

Similarity 

Calculation 

Solution 

u 

0.39631  X lO"2 

0.39625  X lO'2 

X, 

99.822 

99.838 

Ps 

0.39266  X lO"5 

0.39253  X lO"5 

III  EXPLOSIONS  IN  AIR 

Spherical  blast  wave  computations  were  made  for 
the  following  five  cases, 

(1 ) Pentolite,  centrally  detonated  in  7-law  air 
(7  = 1 -4), 

(2)  Pentolite,  centrally  detonated  in  real  air,  same 
radius  as  (1), 

(3)  PBX  9404,  centrally  detonated  in  real  air, 
same  radius  as(l), 

(4)  Pentolite,  constant  volume  explosion  in  real 
air,  with  initial  HE  gas  density , p(),  of  1 .65  g/cc,  and 
the  same  radius  and  total  energy  as  case  (I ), 

(5)  Pentolite,  constant  volume  explosion  in  real 
air,  with  initial  HE  gas  density  of  0.4125  g/cc,  the 
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same  total  energy  as  case  ( 1 ),  and  initial  HE  gas  radius 
of  4'/3  tiroes  that  in  case  (1). 

A comparison  of  cases  ( 1 ) and  (2)  shows  the  effect 
on  the  calculation  of  the  use  of  a real  air  equation 
where  dissociation  and  ionization  are  taken  into 
account.  Cases  (2)  and  (3),  considered  together,  show 
the  effect  of  a more  energetic  explosive  (0.1020  mba'- 
cc/cc  vs  0.0884  mbar-cc/cc  for  Pentolite)  with  a 
greater  detonation  pressure  (370  kbar  vs  245  kbar  for 
Pentolite).  Cases  (2),  (4),  and  (5)  show  the  effect  of  a 
variation  in  initial  conditions  ranging  from  an  initial 
transmitted  pressure  of  720  bars  to  a transmitted 
pressure  of  1 80  bars.  Except  for  case  (5)  the  initial 
radii  of  the  HE  charges  were  identical,  hence  the  PBX 
9404  and  Pentolite  (cases  (2)  and  (3 ))  are  being  com- 
pared on  a volume  basis. 

The  equation  of  state  used  for  Pentolite  was  the 
same  as  that  used  in  the  earlier  work1  >2 1 namely, 

p = Ape  + Bp4  + Cc'Klp 

with  p in  g/cc,  e the  internal  energy  in  mbar-cc/g,  p in 
rnbars,  and  A = 0.35,  B = 0.0021 64,  C = 2.0755, 

K = 6.  The  solid  explosive  density,  the  detonation 
velocity,  the  energy  released  and  the  Chapman- 
Jouguet  (CJ)  conditions  were  taken,  as  before,  to  be 

p()  = 1 .65  g/cc,  I)  = 0.7655  cm/pscc, 

E„  = 0.0884  mbar-cc/cc,  p,  = 0.245  mbar, 

Cs  = 0.5714  cm/pscc,  p-  = 2.210  g/cc. 

For  PBX  9404  the  JWL equation  with  the  constants 
listed  for  PBX  9404-3  in  Ref.  5 was  used.  Here, 


where  V = v/v„^  E is  the  internal  energy  in  mbar-cc/cc, 
A = 8.545,  ’•»  = 0.20493,  R,  = 4.60,  R2  = 1 .35,  u = 
0.25.  The  . t parameters  are  p0  = 1 .84  g/cc,  pj  = 
0.370  mbar,  D = 0.088  cm/psec,cj  = 0.6513  cm/psec, 
pj  = 2.486  g/u.. 

The  real  air  equation  of  s,ate  used  in  the  calcula- 
tions is  that  of  Doan  and  Nickel^,  Iseniropes  from 
various  pK.  '.s  on  the  shock  Hugoniot  from  one 


atmosphere  were  calculated  with  this  equation  of 
state  to  get  the  dissipated  energy,  the  excess  energy 
remaining  after  expansion  to  one  atmosphere,  as  a 
function  of  shock  pressure.  The  process  is  explained 
in  Ref.  2. 

Some  of  the  air  results  are  shown  in  Table  II, 
where  calculated  peak  pressures  and  positive  impulses 
(the  pressure-time  integral  over  the  positive  duration 
of  the  wave)  are  shown  for  the  five  cases  considered, 
at  times  corresponding  to  various  positions  of  the 
main  shock.  Notice  first,  from  cases  (I)  and  (2)  that 
the  effect  of  the  real  air  is  not  large,  the  difference  in 
peak  pressure  and  positive  impulse  being  5%  or  less 
beyond  five  charge  radii.  Hence,  for  most  purposes, 
computations  with  7-law  air  would  be  satisfactory  for 
solid  high  explosives.  Comparison  of  cases  (2),  (4), 
and  (5)  in  Table  II  shows  that  there  are  no  significant 
differences  in  the  peak  pressures  or  positive  impulses 
for  shock  positions  beyond  25  cliargc  radii,  despite 
the  variation  in  initial  conditions.  The  largest  dif- 
ferences when  the  shock  is  25  charge  radii  from  the 
center,  8%  in  peak  pressure  and  4%  in  positive 
impulse,  arc  between  cases  (2)  and  (3),  a consequence 
of  the  fact  that  the  PBX  9404  charge  contains  15% 
more  energy  than  the  Pentolite  charge. 

Figure  2 shows  the  calculated  peak  pressure  vs 
distance  for  cases  (2),  (3),  (4),  and  (5).  Notice  that 
the  PBX  9404  curve  lies  a bit  above  the  others.  The 
shape  of  the  curve  for  case  (5),  the  constant  volume 
explosion  with  p()  = 0.4125  and  initial  radius  equal  to 
41/3  charge  radii,  is  interesting,  because  this  shape  is 
observed  experimentally  when  charges  with  metal 
casings  are  fired.  The  shapes  are  similar  because  there 
is  relatively  little  energy  transmitted  into  the  air 
before  the  casing  expands  to  1 .5  to  2.0  charge  radii 
and  breaks  up.  Except  for  the  energy  imparted  to  the 
casing,  the  system  at  the  time  the  casing  breaks  up  is 
like  that  in  case  (5). 

The  result  that  the  positive  impulse  at  25  charge 
radii  is  essentially  the  same  for  the  three  Pentolite 
cases  (2),  (4),  and  (5)  stems  from  virtually  identical 
shapes  of  the  pressure-distance  curves  extended  from 
the  shock  back  through  the  positive  phase.  This  is 
reflected  in  the  calculated  pressure  vs  time  curves 
shown  in  Fig.  3.  On  the  scale  shown,  the  positive 
phases  for  the  three  pentolite  cases  are  the  same.  The 
PBX  9404  curve,  case  (3),  lies  slightly  above  the 
others. 
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A partial  explanation  for  the  lack  of  significant 
differences  beyond  10  charge  radii  in  the  various 
cases  considered  can  be  found  in  the  calculated 
cumulative  dissipated  energy  vs  shock  position  curves 
shown  in  Fig.  4.  The  expectation  that  large 
differences  in  dissipated  energy  per  unit  mass  of  air 
within  the  first  few  charge  radii  will  result  in  dif- 
ferent flows  is  not  realized  because  the  total  mass  of 
air  in  this  region  is  small.  Consequently,  the  total 


amount  of  energy  dissipated  within  the  first  few 
charge  radii  is  small.  Note  in  Fig.  4 that  for  all  the 
cases  considered,  less  than  two  percent  of  the  total 
energy  is  dissipated  by  shock  heating  within  the  first 
three  charge  radii.  Note,  too,  tliat  the  dissipated 
energy  curves  for  the  various  cases  lie  close  together 
over  the  entire  range  of  the  calculations  (70-80  charge 
radii).  This  is  used  to  good  advantage  in  the  work  of 
Porzcl* 3. 


TABLE  2 

Calculated  Peak  Shock  Pressure  and  Positive  Impulse  at  Various  Distances 
from  the  Center,  for  Spherical  Explosions  in  Air  * 


Charge  Radius 
R/R0 

Peak  Shock  Pressure 
(nibar) 

Positive  Impulse 
/pdt 

(mbar-psec) 

1 

8,10  X 10-4 

5 

1.40  X 10-4 

10 

4.50  X 10-5 

25 

6.92  X 10“6 

3.73  X 10"4 

50 

2.13  X lO'6 

4.64  X lO"4 

1 

7.20  X 10"4 

5 

1.34  X lO”4 

10 

4.27  X 10"5 

25 

6.61  X 10"6 

3.69  X lO"4 

50 

2.09  X 10"6 

4.62  X lO'4 

1 

8.6  X lO"4 

5 

1 .56  X 10"4 

10 

4.81  X 10~5 

25 

7.13  X 10'6 

3.84  X 10~4 

50 

2.17  X 10'6 

4.70  X lO’4 

1 

3.05  X lO"4 

5 

1.09  X lO'4 

10 

4.81  X 10"5 

25 

6.67  X 10'6 

3.72  X 10'4 

50 

2.09  X lO"6 

1 

1.72  X 10"4 

5 

7.85  X 10"5 

10 

4.07  X 10'5 

25 

6.73  X 10-6 

3.67  X 10"4 

50 

2.09  X lO'6 

4.61  X 10"4 

Pentolite,  central  detonation 
in  7-law  air  (7  = 1 .4) 


. . Pentolite,  central  detonation 
' ' in  real  air 


PBX  9404,  central 

(3)  detonation  in  real  air 


Pentolite,  constant 

(4)  volume  explosion 
(po  = 1 .65)  in  real  air 


Pentolite,  constant 

(5)  volume  explosion 

(po  = 0.41 25)  in  real  air 


*The  initial  radius  U denoted  by  R0,  except  whonp0  * 0.4125,  where  the  initial  radius  is  4I/3  Rc.  Charge  radii  are  given  in 
multiples  of  R0.  Hence,  all  comparisons  for  a specified  value  of  K/R0  are  made  at  the  same  distance  from  the  center.  This  pro- 
cedure is  followed  throughout  the  text  and  in  ail  of  the  figures. 
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Insight  into  the  process  can  be  gained  from  the 
calculated  energy  partition  curves  shown  in  Fig.  S. 
Notice  first,  that  for  the  PBX  9404  charge,  Fig.  5(b), 
the  kinetic  energy  of  the  HE  gas,  which  is  between 
9 and  10  percent  of  the  total  when  the  detonation 
wave  is  at  the  charge  surface,  grows  to  75%  when  the 
main  shock  is  3 charge  radii  from  the  center.  At  this 
time  over  90%  of  the  total  energy  is  still  in  the  HE 
gas.  When  the  shock  is  at  50  charge  radii,  11% of  the 
total  energy  is  in  the  HE  gas,  as  internal  energy.  The 
HE  gas  is  now  separated  from  the  main  shock  by  a 
negative  phase,  and  no  longer  has  a part  in  driving 
the  shock  forward.  A comparison  of  the  energy  parti- 
tion curves  for  the  centrally  detonated  PBX  9404  and 
Pcntolitc  charges,  Fig.  5(a)  and  5(b),  shows  that  the 
energy  comes  out  of  the  HE  gas  in  almost  exactly  the 
same  way  in  both  cases  and  that  the  energy  partition 
in  the  air  is  almost  exactly  the  same,  although  the 
kinetic  energy,  internal  energy  partition  in  the  HE 
gas  is  somewhat  different  in  the  early  stages.  In  the 


Fig.  2.  Calculated  peak  shock  pressure  us  distance, 
for  explosions  in  air. 


constant  volume  case  with  p„  = 0.14125,  Fig.  5(e), 
the  energy  comes  out  of  the  HE  gas  more  slowly,  but 
the  energy  partition  after  the  main  shock  has  reached 
50  charge  radii  is  essentially  the  same  as  in  the 
centrally  detonated  cases. 

rv  EXPLOSION  IN  WATER 

The  cases  considered  here  cover  a wide  range  of 
candidates  for  underwater  explosives,  from  a high 
detonation  pressure  explosive  (PBX  9404),  where  the 
initial  pressure  transmitted  to  the  water  is  228  kbar, 
to  a relatively  slow  energy  release  where  the  initial 
transmitted  pressure  is  6 kbar.  Peak  pressure  vs  dis- 
tance from  the  center,  the  integral  of  the  pressure 
squared  with  respect  to  time,  a measure  of  the  energy 
flux7,  and  the  impulse,  or  integral  of  pressure  with 
respect  to  time,  arc  of  interest.  The  results  arc  ex- 
plained in  terms  of  the  energy  dissipated  by  shock 
heating  of  the  water. 


Fig.  3.  Calculated  pressure  vs  time  at  25  charge  radii 
from  the  center,  for  explosions  in  real  air. 


Fig.  4.  Calculated  cumulative  percent  of  energy 
dissipated,  for  explosions  in  air. 
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Calculations  were  made  for  the  following  spherical 
charges  in  water, 

(1)  Pentolite,  centrally  detonated, 

(2)  PBX  9404,  centrally  detonated,  same  radius 
as(l), 

(3)  Pentolite,  constant  volume  explosion,  initial 
HE  gas  density  1 .65  g/cc,  same  radius  and  total 
energy  as  (1), 


Fig.  5(a).  Pentolite,  centrally  detonated 


>10  till  FI  NTOLITt, CENTRAL  IV  t>l  TONATIU 


Fig.  5(b).  PBX  9404,  centrally  detonated 

riO.Mb)  PtX  MHClNTNAUVOtfONATIb 


fKJ  PINTOUTI.COMtTAMT  VOIUMI  IXPUMUM. 


Fig.  5.  Calculated  energy  partition  vt  portion  of  the 
wain  shock,  for  explosions  In  real  air. 


(4)  Pentolite,  constant  volume  explosion,  initial 
HE  gas  density  0.4125  g/cc,  same  total  energy  as  (I), 
and  initial  HE  gas  radius  4'/3  times  that  in  (!). 

The  equation  of  state  used  for  Pentoliti  and 
PBX  9404  arc  listed  in  Sec.  II.  The  equation  of  state 
used  for  water,  and  the  related  dissipated  energy 
function  arc  taken  from  Refs,  (l)and  (2). 

Figure  6 shows  the  calculated  peak  shock  pressures 
vs  distance  for  the  four  types  of  charges.  Peak  pres- 
sures at  several  positions,  together  with  the  values  of 
the  p2  dt  integral  are  listed  in  Table  III.  Consider 
first  the  two  centrally  detonated  cases,  Note  that  the 
peak  pressure  for  the  PBX  9404  is  consistently  greater 
than  that  of  the  Pentolite,  1 5%  larger  at  1 0 charge 
radii  and  7%  larger  at  20  charge  radii.  However,  the 


Fig.  6.  Calculated  peak  shock  pressure  vs  distance 
for  explosions  In  water. 
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integral  of  p2  dt  is  the  same  for  both  charges  at  10 
charge  radii  and  a bit  worse  for  the  PBX  9404  at  20 
charge  radii.  Among  the  three  Pentolite  cases,  the 
constant  volume  case  with  the  same  density  as  the 
solid  high  explosive  (p0  = 1 .65)  has  both  the  greatest 
peak  shock  pressure,  1 1% greater  than  the  centrally 
detonated  charge  at  10  charge  radii,  and  the  greatest 
p2  dt  integral,  14%  greater  than  the  centrally  deto- 
nated charge  at  10  charge  radii.  It  will  be  seen  later 
that  case  (4),  the  constant  volume  explosion  with 
pG  = 0.41 25,  ultimately  delivers  the  most  useable 
energy  to  the  water  and  that  this  is  manifested  in  a 
larger  impulse. 

Figures  7 and  8 contain  calculated  pressure  vs 
time  curves  at  the  10  charge  radii  position.  Notice  in 
Fig.  7 that  the  p vs  t curves  from  the  centrally 
detonated  PBX  9404  and  Pentolite  cross,  so  that  the 
pressure  from  the  Pentolite  is  greater  after  a short 
time.  The  p vs  t curves  at  10  charge  radii  are  shown 
for  the  three  Pentolite  charges  in  Fig.  8.  The  constant 
volume  case,  with  p<,  = 0.4125  g/cc  starts  at  a lower 
pressure  than  the  other  two  (sec  Table  III  for  the 
exact  values)  but  the  pressure  soon  becomes  the 
remains  higher. 

Integrals  of  p2  dt  vs  time  are  plotted  in  Fig.  9. 
Notice  that  at  1 00  Msec  the  integrals  arc  close  to  their 
maximum  values.  The  values  listed  in  Table  III  arc 
those  at  230  Msec,  where  the  calculation  ended.  Case 
(3),  the  constant  volume  Pentolite  with  p0  = 1 .65  is 
the  best  here,  but  the  constant  volume  case  with  p0  = 
0.41 25  is  also  better  than  the  centrally  detonated 
case  (sec  Table  III). 


Fig.  7.  Calculated  pressure  vs  time  at  10  charge  radii, 
for  centrally  detonated  PBX  9404  and  pentolite,  in 
water. 


The  impulse,  or  integral  of  pressure  with  respect 
to  time,  is  shown  in  Fig.  1 0 for  the  four  cases,  as  a 
function  of  time  at  10  charge  radii.  The  constant 
volume  case  with  p0  = 0.4125  is  the  best  here,  the 
integral  being  24%  better  than  the  centrally  detonated 
case  at  200  Msec.  The  integrals  did  not  reach  their 
maximum  values,  when  the  calculation  ended.  It 
appears  from  Fig.  10,  that  the  improvement  in 
impulse  may  be  considerably  better  than  24%  at  later 
times.  Note  in  Fig.  10  that  the  worst  impulse  is 


Fig,  8.  Calculated  pressure  vs  time  at  10  charge  radii, 
for  pentolite  explosions  in  water. 


Fig.  9.  Calculated  integral  of  p^dt  vs  time  at  10 
charge  radii,  for  explosions  in  water. 
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obtained  with  the  centrally  detonated  PBX  9404,  in 
spite  of  its  greater  detonation  pressure  and  energy. 

The  above  results  can  be  explained  in  terms  of  the 
dissipated  energy  due  to  shock  heating  of  the  water. 
The  calculated  dissipated  energy  values  are  shown  in 
Fig.  1 1 . It  can  be  seen  in  Ref.  2,  that  the  energy 
dissipated  in  a spherical  shell  of  water  increases  rapidly 
with  the  shock  pressure.  This  accounts  for  the  fact 
that  with  the  PBX  9404  charge,  with  an  initial 
transmitted  pressure  of  228  kbar,  48%  of  the  explo- 
sive energy  has  been  dissipated  when  the  shock  is  at 
10  charge  radii,  compared  to  33%  dissipated  for  the 
centrally  detonated  Pentolic  charge,  which  has  an 
initial  transmitted  pressure  of  162  kbar,  and  3%  dissi- 
pated by  the  constant  volume  pentolite  charge  with 
p0  = 0.41 25  and  initial  transmitted  pressure  of  6 kbar. 


Calculated  energy  partitions  vs  shock  position  arc 
shown  in  Fig.  12.  The  centrally  detonated  PBX  9404 
plot,  Fig.  12(b),  shows  that  when  the  main  shock  is 
at  10  charge  radii  1 3%  of  the  HE  energy  is  still  in  the 
bubble,  48%  has  been  dissipated  in  heating  the  water, 
29%  is  in  kinetic  energy  of  the  water,  and  10% is  in 
nondissipated  internal  energy  of  the  water.  Compari- 
son of  Figs.  12(a)  and  (b)  shows  that  with  the 
centrally  detonated  charges  there  is  less  useable 
energy  in  the  PBX  9404  system  than  in  the  Pentolite 
system  after  the  shock  passes  12  charge  radii,  due  to 
the  greater  dissipation  in  the  PBX  9404  case.  Figure 
12(d)  shows  that  with  the  constant  volume  case  p0  = 
0.4 125  g/cc,  only  6%  of  the  HE  energy  has  been 
dissipated  when  the  main  shock  is  at  40  charge  radii 
from  the  center.  Thus  30%  of  the  total  energy  which 
is  dissipated  in  the  centrally  detonated  Pentolite  case 


TABLE  3 


Calculated  Peak  Shock  Pressure  and  fp2dt  at  Various  Distances 
from  the  Center,  for  Spherical  Explosions  in  Water 


Charge 

Radius 

R/R« 

Peak  Shock 
Pressure 
(mbar) 

/P2dt 

(mbar2-psec) 

Pentolite 

1 

0.162 

(1)  central  detonation 

5 

3.11  X lO-3 

10 

1.19  X 10-3 

1.25  X 10-5 

20 

4.94  X 10-4 

2.74  X 10-6 

40 

2.14 X JO"4 

PBX  9404 

1 

0.228 

(2)  central  detonation 

5 

3.97  X 10-3 

10 

1.37  X 10-3 

1.25  X 10-5 

20 

5.27  X 10-4 

2.60  X lO'6 

40 

2.21  X 10-4 

Pentolite,  constant 

1 

0,039 

5 

3.58  X 10-3 

(3)  volume  explosion 

10 

1.32  X 10-3 

1.43  X lO"5 

po  = 1 .65 

20 

5.26  X 10-4 

3.04  X lO"6 

40 

2.24  X 10-4 

Pentolite,  constant 

1 

0.006 

5 

1.86  X 10-3 

volume  explosion 

10 

8.79  X 10-4 

1.33  X lO"5 

(4) 

20 

4.10  X 10-4 

3.15  X 10"6 

po  = 0.4125 

40 

1.90  X 10-4 
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Fig.  JO.  Calculated  impulse  vs  time  at  10  charge 
radii,  for  explosions  in  water. 


Fig.  1 1.  Cumulative  energy  dissipated  in  water  due 
to  shock  heating  vs  position  of  main  shock. 


(sec  Fig.  12(a))  is  now  available  to  do  useful  work. 
This  energy  comes  out  of  the  bubble  relatively 
slowly.  When  the  main  shock  is  at  10  charge  radii, 
49%  of  the  total  energy  is  still  in  the  bubble.  How- 
ever, most  of  this  energy  does  eventually  come  out 
of  the  bubble  (see  Fig.  12(d)).  This  accounts  for  the 
cross  over  in  the  pressure-time  curves  (Fig.  8),  the 
increase  in  the  p2dt  integral  (Fig.  9),  and  the  large 
increase  in  the  impulse  (Fig.  10)  relative  to  the 
centrally  detonated  Pentolite  charge.  The  kinetic 
energy  of  the  water  is  also  increased. 


Fig.  12(a).  Pentolite,  centrally  detonated 


MOCK  POSITION,  N/ft, 

Fig.  12(b).  PBX  9404,  centrally  detonated 


Fig.  12(c).  Pentolite  constant  volume  explosion, 
Po  = 1.65. 

MO  121,1  2IN701IT2  CONIT ANT  VOLUME  IXPLOBION.  p,  - T.#2 


Fig.  12(d).  Pentolite  constant  volume  explosion, 
p0=  0.4125. 

Fid  12 W)  PENTOLITE  CONSTANT  VOLUME  EXPLOSION,  p0  - 0,412* 


Fig.  12.  Calculated  energy  partition  vs  posit  bn  of 
the  main  shock,  for  explosions  in  water. 
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EXPLOSIVE  EXPANSION  WORKS  IN  UNDERWATER  DETONATIONS 


Gert  Bjamholt  and  Roger  Holmberg 
Swedish  Detonic  Research  Foundation 
Box  32058,  S-126  J 1 Stockholm,  Sweden 


Shock  wave  energy  and  bubble  energy  for  different  explosives  have  been  measured 
in  underwater  experiments.  A method  to  determine  bubble  energies  in  cases  where 
the  free  water  surface  and  bottom  boundary  disturbs  the  bubble  oscillation  has  been 
developed.  The  shock  energy  loss  when  the  primary  shock  wave  travels  from  the 
charge  to  the  gage  resulting  In  heating  of  the  surrounding  water  has  been  estimated 
by  correlation  with  data  derived  from  detonation  calorimeter  experiments  for 
some  explosives.  Comparison  of  the  measured  total  expansion  work  with  data 
from  thermodynamic  computer  calculations  show  good  agreement  for  many 
oxygen  balanced  explosives,  but  poor  agreement  for  explosives  with  a large  oxygen 
deficit.  For  explosives  of  the  ANFO  type  there,  is  a considerable  effect  on  expan- 
sion work  of  initiator  or  booster  size,  charge  size,  and  shape. 


INTRODUCTION 

Methods  to  measure  the  expansion  work  performed 
by  explosives  are  valuable  tools  in  explosives  research. 
The  underwater  explosion  test  has  several  interesting 
characteristics.  It  allows  the  use  of  sufficiently  large 
charges  to  ensure  stable  detonation  even  in  explosives 
with  a large  critical  diameter,  and  the  reaction  products 
are  allowed  to  expand  to  a low  final  pressure.  The 
pressure  profile  of  the  shock  wave  in  the  surrounding 
water  50-100  charge  radii  away  can  be  measured  accu- 
rately. From  it  can  be  derived  the  impulse  density 
and  the  energy  of  the  shock  wave.  From  the  bubble 
period,  i.e.,  the  time  interval  between  the  detonation 
and  the  first  bubble  implosion,  the  bubble  energy  can 
be  determined.  This  energy  is  the  work  the  reaction 
products  do  against  the  hydrostatic  pressure  of  the 
surrounding  water  in  expanding  the  bubble  to  its 
first  maximum. 

For  two  reasons,  the  underwater  explosion  test 
has  previously  been  used  mostly  for  comparative 
measurements. 

Firstly,  the  energy  dissipated  as  heat  in  the  water 
between  the  charge  and  the  pressure  gage  is  not  easily 
measurable. 


Secondly,  it  is  not  always  easy  to  find  a large 
enough  water  pond  for  the  bubble  expansion  to  be 
undisturbed  by  the  water  surface  and  the  containing 
boundaries.  In  a case  with  marked  boundary  effects 
the  bubble  energy  is  difficult  to  determine  absolutely. 

In  this  paper  will  be  described  a practical  way  to 
determine  the  dissipated  energy  and  a method  to 
derive  the  bubble  energy  from  the  bubble  period, 
even  in  cases  when  boundary  effects  have  a marked 
influence  on  the  bubble  period. 

The  underwater  explosion  test  can  then  be  used 
to  give  an  absolute  measure  of  the  total  expansion 
work  done  by  different  explosives.  Results  of  such 
measurements  will  be  presented  below. 

EXPERIMENTAL 

The  experimental  arrangement  used  in  the  experi- 
ments is  shown  in  Fig.  1 . The  charges  were  located  at 
a depth  of  2.50  m,  2.00  m from  the  I / 4 inch  tourma- 
line piezoelectric  gage.  A second  gage  placed  1 0 cm 
closer  to  the  charge  was  used  to  trigger  the  instruments 
before  the  primary  shock  reached  the  measuring  gage. 
The  experimental  site  in  Fig.  1 was  used  for  charges 
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Fig.  /.  Experimental  site. 


up  to  about  0.5  kg.  For  bigger  charges,  another  ex- 
perimental site  with  10  in  charge  depth  was  used.  At 
that  site  the  gage  was  located  1 5.0  m from  the  charge. 
The  instrumentation  used  to  record  the  pressure  time 
signals  from  the  gage  was  that  conventionally  used  for 
these  types  of  measurements. 


is  the  time  constant  in  the  measured  shock 
is  the  distance  between  the  charge  and  the 

gage 

is  the  sound  velocity  of  the  water 
is  the  density  of  the  water, 


EVALUATION  OF  PRIMARY  DATA 


The  data  from  the  shot  was  registered  by  an  oscil- 
loscope camera  which  recorded  the  primary  shock 
wave  and  by  another  recorder  with  a longer  writing 
time  where  the  time  between  the  primary  shock  and 
the  shock  sent  out  at  the  first  implosion  (the  first 
bubble  period)  could  be  determined.  Fig.  2 shows  an 
example  of  a recording  at  the  site  described  in  Fig.  1. 


SHOCK  ENERGY  AT  THE  GAGE 


The  energy  E„  in  the  primary  water  shock  when 
it  passes  the  gage  was  determined  from  the  energy 
density  at  the  gage  atid  assuming  a spherical  expan- 
sion ( I ). 


E = — 

* P wSv 


p2(t)  dt 


Fig,  2.  Example  of  oscilloscope  camera  picture  of 
pressure  time  and  f p2  dt  recording  from  a 0,255  kg 
TNT  charge  at  2.00  rn  distance. 

p(t):  3.0  MPa/div,  100  ps/dlv  ( lower  trace). 

/ p2  dt:  72. 6 KJ/div,  100  ps/div  (uppertrace, 
inverted). 
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To  case  evaluation  of  E„  the  instrumentation  included 
a squarcr-  and  integrator  unit.  We  determined  the 
shock  energy  as  proportional  to  the  signal  from  the 
squarcr  and  integrator  unit  at  a time  of  6.7 0.  We 
then  corrected  this  value  for  the  distortion  at  the 
front  of  the  signal  caused  by  the  recording  equipment 
{ 1 ,3,4),  This  correction  was  about  3%  for  the 
smallest  cliargcs  and  about  1%  for  the  biggest. 


For  k2  < 0 the  plus  sign  is  valid  and  the  condition 
tb<-k?/4k2. 

For  k2  > 0 the  minus  sign  is  valid. 


For  k2  = 0 we  have 


«ib  = tb/k?  • 


BUBBLE  ENERGY  Eb 

The  bubble  energy  lih  in  the  first  bubble  pulse 
can  be  defined  as  the  work  done  in  expanding  the 
bubble  to  its  first  maximum  against  the  hydrostatic 
pressure. 

The  so  called  Willis  formula  can  be  used  to  calcu- 
late the  bubble  energy  from  the  period  of  oscillation 
th  of  the  bubble  in  cases  where  we  have  no  boundary 
effects.  This  founula  can  be  written  ( I ) as 

tb  - l.l35pJ/aK£/3/pH/*  (2) 


tj,  is  the  period  of  the  first  bubble  oscillation 
Pl,  Is  the  total  hydrostatic  pressure  at  the  charge 
depth. 

Formula  (2)  can  be  written 


tb  = Mi/3 


k,  - l.l 35Aj/2/pjj/6  • (31 

Cole  (I)  has  shown  that  for  an  experimental  con- 
figuration at  in  Fig.  I with  boundary  effects  the 
Willis  formula  will  be  modiflod  so  that 


The  constant  k2  in  Bq,  (4)  characterizes  the  in- 
fluence of  the  boundaries  on  the  bubble  period.  For 
a ease  with  no  boundary  effects  k2  = 0. 

Cole  has  outlined  u way  to  calculate  k2.  The  re- 
sults are  presented  in  his  book  Underwater  Explosions 
(I)  are  however  not  consistent.  We  therefore  decided 
to  determine  k2  for  our  experimental  sites  experi- 
mentally. This  was  done  by  sculing  experiments  with 
one  explosive. 

If  one  has  an  explosive  where  the  bubble  energy  is 
proportional  to  the  charge  weight  of  the  explosive 
Bq.  (4)  may  be  written 

tb  - aWi/3  + bW2/3  (7) 

where  u and  b arc  constants  at  the  given  experimental 
site  and  charge  locution,  and  W is  thu  charge  weight 
of  the  particular  explosive  used.  By  identification 
between  Bqs.  (4)  and  (7)  we  get 


Equation  (8)  in  (5)  then  gives 


/ 4bth 

? ‘/,  + — 


Putting 


tb  = k,E^3  + k2Ep 


where  k2  i=  0 is  a constant  at  a given  charge  location 
and  experimental  site.  Solving  for  Eb  in  Eq.  (4)  gives 


Eq.  (9)  can  be  written 


I±Vl  + 4ctb  - I r 


and  for  c = 0 Eq.  (6)  is  valid. 
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If  wc  assume  that  at  a given  site  the  boundary 
effects  on  a given  bubble  period  arc  the  same  irrespec- 
tively of  the  explosive  used  to  generate  that  period, 
formula  (II)  can  be  used  to  calculate  the  bubble 
energy  for  any  explosive  from  its  measured  bubble 
period  at  that  site,  As  tb  ~ p^6,  normal  atmos- 
pheric pressure  changes  from  one  day  to  the  other  can 
have  a marked  influence  on  the  measured  bubble 
period  at  small  charge  depths  as  in  Fig.  1 . The  meas- 
ured bubble  periods  should  therefore  be  normalized 
to  the  same  total  hydrostatic  pressure  p)m  before  they 
arc  used  in  liq.  ( 1 1 ).  This  normalization  can  be  in- 
cluded in  liq.  (I  I)  giving 


the  water  during  travel  from  the  charge  to 
the  gage 

cb  = energy  required  to  expand  the  bubble  to  its 
first  maximum  against  the  hydrostatic 
pressure 

Cj  = internal  energy  in  the  reaction  products 
when  the  bubble  is  at  its  first  maximum. 

The  total  expansion  work  A0  done  by  the  ex- 
plosive per  mass  unit  is  then 

A„  = es  + eb  + cd  . (1 3) 

Let 


cb 


then  wc  obtain 


where 


ed  = ca(/j  - 1 ) . 


(14) 


(15) 


k,  = l.l35p*/2/pSn6 

Pl,n  = the  normal  total  hydrostatic  pressure  at 
the  given  charge  depth. 

ph  = the  total  hydrostatic  pressure  at  the  charge 
depth  when  tb  was  measured, 
c - determined  from  Fqs.  (7)  and  (10)  with  tb 
in  liq.  (7)  normalized  to  p^, 

The  constant  c for  the  site  in  Fig.  I was  determined 
by  firing  from  1 5 up  to  386  grams  of  an  explosive  PE 
composed  of  86PFTN/I4  Wax  by  weight,  having  a 
density  of  1 .48  g/cm3.  The  periods  were  then  nor- 
malized to  the  same  total  hydrostatic  pressure  pbn. 

The  results  arc  given  in  Table  I and  Fig.  3.  The  value 
of  the  constant  c at  the  site  in  Fig.  I was 

c = -0.4464  s~*  . 

THE  SHOCK  ENERGY  LOSS 

The  chemical  energy  liberated  by  the  decomposi- 
tion of  the  explosive  is  partitioned  into  various  forms 
of  energy  when  the  products  expand  and  do  work. 

In  an  underwater  detonation  it  is  convenient  to  re- 
gard the  energy  per  mass  unit  of  explosive  as  parti- 
tioned into  the  following  forms. 

e,  = shock  energy  when  the  primary  shock  passes 
the  gage 

ed  = primary  shock  energy  dissipated  as  heat  in 


The  dissipated  energy  cd  is  then  proportional  to 
the  measured  shock  energy  at  the  gage  and  the  factor 
(ju-t). 


TABLE  1 


The  bubble  Period*  tt,n  for  Different 
Charge  Weights  W of  Explosive  PE 
at  the  Site  in  Figure  J 


w 

(kg) 

Wl/3 

(kg*/3) 

‘bn 

00 

0.0150 

0.247 

0.0612 

0.0289 

0,307 

0.0757 

0.0289 

0.307 

0.0759 

0.0900 

0.448 

0.1087 

0.0935 

0.454 

0.1104 

0.102 

0.467 

0.1138 

0.182 

0.567 

0.136 

0.183 

0.568 

0.136 

0.310 

0.677 

0.160 

0.310 

0.683 

0.161 

0.381 

0.725 

6.170 

0.386 

0.728 

0.171 

♦Periods  normalized  to  a total  hydrostatic 
pressure  of  125.8  kPa. 
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Fig.  3.  The  bubble  period  as  a function  of  the  charge  weight  of  the  explosive  PH  at  the  site  In  Fig.  I. 
Periods  normalized  to  a total  hydrostatic  pressure  of  125.8  kPa. 


We  decided  to  try  to  determine  the  shock  energy 
loss  factor  p by  combining  experimental  shock  and 
bubble  energies  with  heat  of  detonation  data  for 
some  ideal  CHNO  explosives.  These  explosives  were 
chosen  so  that  a wide  range  of  detonation  pressure 
would  be  covered. 

Thermodynamic  calculations  with  ordinary  ideal 
CHNO  explosives  with  a loading  density  of  1 -2  g/cm3 
show  that  the  expansion  work  tljc  products  can  do 
when  they  expand  isentropically  from  detonation 
conditions  to  atmospheric  pressure  usually  is  97  to 
100%  of  the  calculated  heat  of  detonation. 

Data  from  cylinder  test  experiments  with  some 
ordinary  ideal  CHNO  explosives  also  show  that  the 
expansion  work  the  products  do  when  they  expand  to 
atmospheric  pressure  is  the  same  (within  a couple  of 
percent)  as  the  heat  of  detonation  as  measured  in  a 
detonation  calorimeter  with  an  expansion  similar  to 
that  in  the  cylinder  test  (5, 6, 7, 8).  As  the  expansion 
of  the  products  in  an  underwater  detonation  is  a 
reasonably  isentropic  expansion  down  to  about  at- 
mospheric pressure,  it  is  reasonable  to  assume  that 


these  explosives  should  give  an  underwater  expansion 
work  A0  such  that 


A0«-AHd,  (16) 

where  -AHd  is  the  heat  of  detonation  as  measured 
in  a detonation  calorimeter  of  the  type  described  by 
Ornellas,  et  al.  (5). 

Equations  (1 3)  and  (16)  then  give 

-AHd  = pei  + eb  (17) 


which  can  be  written 


P = 


(18) 


We  assumed  that  the  loss  factor  p for  any  explo- 
sive is  determined  solely  by  its  detonation  pressure. 

We  determined  p as  a function  of  the  detonation 
pressure  pd  by  combining  detonation  calorimeter 
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AHd  and  underwater  es  and  cb  values  for  some  ex- 
plosives with  a wide  range  of  detonation  pressures. 
The  detonation  pressure  was  estimated  from 

pd  = 0.25poD2  (19) 

where 

p„  is  the  density  of  the  explosive 
D is  the  detonation  velocity. 

The  results  are  presented  in  Fig.  4 and  Table  2. 

The  range  of  pd  values  covered  by  these  explosives 
was  from  7.3  GPa  to  25.7  GPa.  To  be  able  to  extend 
p as  a function  of  pd  down  to  detonation  pressures 
around  2 GPa  we  used  the  fact  that  p -*  1 when 
pd  -+0(the  acoustic  approximation).  We  also  used 
a (cs,  eb,  - AHd,  pd)  - coordinate  for  the  explosive 
ANFO  (94.5%  amoniumnitrate  prills  and  5.5%  fuel 
oil)  at  a density  of  0.9  g/cm3. 


Pd  (GPa) 

Fig.  4.  Shock  loss  factor  pas  a function  of  the 
detonation  pressure  pd  of  the  explosive. 


TABLE  2 


Data  on  Explosives  Used  to  Determine  the  Shock  Energy  Loss  Factor  p* 
as  a Function  of  the  Detonation  Pressure  pd 


Explosive 

Charge 

Size 

Class 

W 

(kg) 

Density 

(P0) 

(g/cm3) 

1 

Charge 

Shape 

and 

Initiation* 

Charge 

Shape 

Factor 

kf 

Detonat. 

Velocity 

D 

(m/s) 

Bubble 

Energy 

eb 

(MJ/kg) 

Shock 

Energy 

e* 

(MJ/kg) 

Detonat. 
Calorim. 
Heat  of 
Detona- 
tion 
-AHd* 
(MJ/kg) 

Heat  of 
Detonat. 
Used  to 
Determine 
M*  ~AHd 
(MJ/kg) 

ANFO 

10 

0.90 

B/d  + 140 

Ba 

3200 

2.43 

3.78 

PETN 

0.3 

1.00 

E/d 

mm 

5400 

3.00 

5.73 

NM 

0.3 

1.13 

E/d  + 20 

1.02 

6300 

2.22 

1.16 

4.44 

4.44 

HMX 

0.3 

1.19 

E/d  + 6 

1.02 

6700 

2.33 

1.40 

5.13 

5.10 

TNT 

0.5 

1.58 

S/d + 2 

1.00 

6900 

2.06 

1.04 

4.27 

4.20 

Hexotol  60/40 

0.4 

1.69 

E/d  + 12 

1.01 

7800 

2.08 

j 

1.19 

4.69 

4.77 

*m  cb)e.-  Pd  = 0.25poD2. 

^Scc  Fig.  5,  d « detonator  No.  8,  d + x = detonator  No.  8 plus  x grams  of  flcgm.  PETN. 

^Results  from  Refs.  (5, 6, 7,8).  For  ANFO  the  BKW  code  CJ  value  was  used.  The  value  for  PETN  was  obtained  at  a density  of 
1.73  g/cm3. 
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The  calculated  AHd  value  for  ANFO  was  used  as 
we  had  no  detonation  calorimeter  value  for  this  ex- 
plosive. As  ANFO  is  oxygen  balanced  we  considered 
the  calculated  AHd  value  to  be  reliable.  The  es  and 
eb  values  were  determined  with  a 1C  kg  paint  can 
type  of  charge  initiated  by  a 1 40  g PETN  primer. 

COMPUTER  CODE  CALCULATIONS  OF  HEAT 
OF  EXPLOSION  AND  HEAT  OF  DETONATION 

To  be  able  to  make  comparisons  of  experimental 
and  calculated  data  for  the  explosives  tested  the  heat 
of  explosion  and/or  the  heat  of  detonation  was  also 
calculated. 

Heat  of  detonation  data  was  calculated  with  a 
computer  code  called  Fortran  BKW  obtained  from 
Los  Alamos  Scientific  Laboratory.  This  code  uses 
the  BKW  equation  of  state  (cos). 

Heat  of  explosion  data  was  calculated  with  a 
constant  volume  explosion  equilibrium  code  called 
Nitrodync  using  an  eos  described  by  J.  Taylor  ( 1 0). 

RESULTS 

In  Table  3 formulations  and  properties  of  13  dif- 
ferent. explosives  are  presented.  Table  4 presents  the 
results  of  experimental  and  calculated  data  for  these 
explosives.  .Some  of  the  explosives  were  shot  with 
different  initiation,  charge  size  and  charge  shape. 

The  detonation  pressures  were  estimated  with 
formula  (19)  from  the  densities  and  detonation 
velocities  of  the  explosives.  From  Fig.  4 the  shock 
energy  loss  factor  pi  could  then  be  determined.  The 
experimental  expansion  work  A0  for  the  explosives 
was  determined  with  formula  (14)  from  the  measured 
bubble  and  shock  energy  e,  and  cb,  the  charge  shape 
factor  kf  and  the  shock  loss  factor  u. 

The  charge  shape  factor  kf  is  a correction  for  the 
influence  of  the  charge  shape  and  casing  o:  he  meas- 
ureu  expansion  work.  Figure  5 gives  values  of  kf  for 
the  different  types  of  charges  based  upon  experiments 
with  the  same  ideal  explosive  in  different  charge 
shapes. 

Normally  all  our  underwater  experiments  were 
made  with  at  least  two  identical  charges  The  results 


TABLE  3 


Composition  and  Properties  of  Explosives 


Explosive 

Composition 
(Weight  %) 

Density 

(g/cm3) 

Oxygen 

Balance 

(%) 

Oxygen  Balanced  CHNO  Explosives 

Pentancx 

45PETN/37AN/2Glycol 

15.5H2O/0.5Guar 

1.48 

-0.3 

EGDN 

100EGDN 

1.48 

0.0 

ANFO 

94.6AN/5.4FO 

0.90 

0.1 

Oxygen  Deficient  CHNO  Explosives 

PETN 

100PETN 

1.00 

-10.1 

HMX 

100HMX 

1.20 

-21.6 

NM 

100NM 

1.13 

-39.3 

Hexotol  60/40 

59RDX/40TNT/1  Wax 

1.69 

-46.4 

86PETN/14FO 

86PKTN/14FO 

1.08 

-57.4 

TNT 

100TNT 

1.58 

-74.0 

Aluminized  Explosives 

ANFOAL10 

87.4AN/2.6FO/10A1 

0.90 

-0.5 

WG  2 

MMAN  sensit.  watcrgcl 
cxpl.  7%  A1  (60  urn) 

1.34 

-0.3 

WG  4 

MMAN  sensit.  watcrgcl 
cxpl.  1 3%  A1  (60  Mm) 

1.36 

-0.5 

Hcxotonal  IS 

42,1  RDX/42.1TNT/0.8 
Wax/1 5A1  (30  Mm) 

1.76 



-56.3 

EGDN  - Ethylene  Glycol  Dinitratc. 
MMAN  - Mono  Methyl  Amine  Nitrate. 
AN  - Ammonium  Niuatc  Prills. 

EO  - Fuel  Oil  Ho.  1. 


presented  were  chosen  as  representative  of  the  data. 
The  experimental  relative  errors  are  estimated  to  be 
less  than  ± 1 .5%  for  bubble  energy  and  less  than  ±3% 
for  shock  energy. 

DISCUSSION 

Shock  Energy  Loss  Factor  p 

As  can  be  seen  in  Fig.  4 the  shock  energy  loss 
factor  p increases  rapidly  with  detonation  pressure. 
This  means  that  explosives  like  TNT,  hexotol  60/40 
and  hcxotonal  IS  which  generate  high  initial  pressures 
when  fully  coupled  to  the  surrounding  wate.  will 
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TABLE  4 


Experimental  and  Calculated  Data  on  Explosives 


Shot  No.t 

Explosive 

Charge 

Weight 

(kg) 

Charge 

Shape*/ 

Initial. 

L 

Charge 

Shape 

factor 

kf 

Shock 

Energy 

(MJ/kg) 

Bubble 

Energy 

(MJ/kg) 

Dcton. 

Press. 

(GPa) 

Loss 

Factor 

M 

Exper. 

Expans. 

Work 

(MJ/kg) 

(-AHd) 
BKW 
Code  t 
(MJ/kg) 

(-all) 

Nltrodyne 

Code 

(MJ/kg) 

Oxygen  Balanced  CHNO  Explosives 

31 L .. 

■Pcntanex 

a .72 

C/d + 5 

m 

0.85 

1,79 

17.0 

1.99 

3.76 

3.90 

4.00 

40t 

Pcntanex 

1.48 

B/d  + 23 

m 

0.97 

1.86 

18.0 

2.02 

3.82 

3.90 

4.00 

43L 

Pcntanex 

7.26 

B/d  + 23 

wEm 

0.99 

1.88 

18.0 

2.02 

3.88 

3.90 

4.00 

201 

EGDN 

0.392 

E/d  + 12 

IE9 

1.50 

2.77 

19.7 

2.07 

5.99 

6.70 

6.82 

203 

EGDN 

0.190 

E/d  + 12 

VSm 

1.47 

2.74 

19.7 

2.07 

5.96 

6.70 

6.82 

88 

ANFO 

0,360 

E/d  + 19 

wm 

0.92 

2.01 

2.0 

1.25 

3.22 

3.78 

3.89 

38L 

ANFO 

2.30 

E/d  + 95 

KEzfl 

0.92 

2.08 

2.8 

1.34 

3.31 

3.78 

3.89 

36L 

ANFO 

2.07 

C/d 

1.10 

0.98 

1.90 

2.3 

1.28 

3.47 

3.78 

3.89 

37L 

ANFO 

2.03 

C/d  + 95 

1.10 

1.00 

1.92 

2.3 

1.28 

3.52 

3.78 

3.89 

4IL 

ANFO 

1.48 

B/d  + 23 

1.00 

0.67 

1.73 

2.0 

1.25 

2.55 

3.78 

3.89 

45L 

ANFO 

1.00 

1.08 

2.39 

2.3 

1.28 

3.77 

3.78 

3.89 

46  L 

ANFO 

B/d  + 140 

1.00 

1.12 

2.43 

2.3 

1.28 

3.86 

3.78 

3.89 

47L 

ANFO 

B/d  + 23 

1.00 

0.82 

2.22 

2.0 

1.25 

3.25 

3.78 

3.89 

Oxygen  Deficient  CHNO  Explosives 

235 

PETN 

0.313 

E/d 

ng 

IK  I 

3.00 

7.3 

1.69 

5.54 

5.76 

5.88 

281 

HMX 

0.340 

E/d + 6 

wm 

2.33 

13.4 

1.90 

5.09 

5.76 

5.28 

199 

NM 

0.294 

E/d  + 20 

1.02 

: 

2.23 

11.2 

1.84 

4.45 

5.43 

4.82 

254 

Hcxotol  60/40 

0.426 

E/d  + 12 

1.0! 

2.08 

25.7 

2.23 

4.78 

5.60 

253 

86PETN/14FO 

0.298 

E/d  + 12 

1.02 

l.n 

2.19 

8.2 

1.74 

4.20 

5.22 

4.53 

272 

TNT 

0.255 

S/d + 2 

1.00 

H2fl 

2.06 

18.8 

2.04 

4.14 

5.33 

4.95 

4L 

TNT 

1.97 

S/d + 2 

1.00 

2.11 

18.8 

2.04 

4.09 

5.33 

4.95 

7L 

TNT 

4.99 

S/d + 2 

1.00 

2.11 

18.8 

2.04 

4.09 

5.33 

4.95 

35  L 

TNT 

2.34 

C/d  + 20 

1.08 

0.96 

1.91 

18.8 

2.04 

4.18 

5.33 

4.95 

Aluminized  Explosives 

53 

ANFOAL  10(30)** 

0.364 

ran 

n 

B9 

2.93 

2.0 

1.25 

4.61 

IBS 

5.56 

66 

ANFOAL  10  (120) 

0.380 

■9 

WEm 

2.93 

2.0 

1.25 

4.61 

mm 

5.56 

81 

ANFOAL  10(600) 

0.356 

E/d  + 19 

1.02 

BS9 

2,80 

2.0 

1.25 

4.19 

5.45 

5.56 

289K 

ANFOAL  10  (60) 

2.20 

C/d  + 1 50 

1.10 

EH 

2.65 

2.5 

1.31 

5.08 

5.45 

5.56 

IE 

WG  2 

10.12 

C/d  + 360 

1.08 

1.17 

2.38 

7.4 

1.70 

4.72 

- 

4.71 

8E 

WG4 

9.74 

C/d  + 360 

1.08 

1.26 

3.00 

6.4 

1.65 

5.49 

- 

6.09 

255 

Hexotonal  15 

0.255 

E/d  + 12 

1.01 

1.35 

2.89 

25.7 

2.23 

5.96 

7.61 

7.60 

•See  Fig.  5.  d = detonator  No.  8.  d + x = detonator  No.  8 + x grams  of  pressed  flegm.  PETN.  Cylindrical  charges  had  a diameter 
of  75  mm. 

Shots  with  an  L or  E after  the  shot  No.  were  shot  at  10  m charge  depth,  15  m from  the  gage. 

$CJ  values. 

**Mean  aluminum  particle  tize  Cum). 
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kf-LOO 

Charge  in 
paint  can 


kf«1.08-1.10  k,  *1.02- 1.03  kf>1.00 

Cylinder  shaped  charge  Charge  in  erien-  Sphere  in- 

with  L/Db6  meyer  glass  flask  itiated  at 

the  center 


Fig.  .5.  Key  to  charge  shapes  and  charge  shape  factor  k y. 


loose  considerably  more  energy  as  beat  to  the  sur- 
rounding water  close  to  the  charge  than  explosives 
with  lower  front  pressures  like  ANFO  and  ANFOAL 
10.  This  effect  is  clearly  demonstrated  by  comparing 
the  measured  shock  energies  for  hcxotonal  15  and 
ANF'OAI.  10.  The  detonation  pressure  of  ANFOAL 
10  is  an  order  of  magnitude  smaller  than  that  of 
hcxotonal  1 5 but  it  gives  about  9%  higher  measured 
shock  energy  es  than  hcxotonal  15. 

By  decreasing  the  initial  density  of  an  explosive  or 
by  surrounding  the  charge  with  a cavity  one  should 
he  able  to  decrease  tiie  energy  dissipated  as  heat.  In 
hotli  cases  there  should  also  be  a marked  increase  in 
bubble  energy. 

Oxygen  Balanced  C'HNO  Explosives 

The  explosive  Pcntanex  which  detonates  almost 
ideally  under  the  experimental  conditions  showed  an 
experimental  expansion  work  A0  tiiat  was  close  to 
tlic  calculated  heat  of  detonation  and  heat  of  explo- 
sion. A()  varied  very  little  with  charge  si/e  and  the 
two  charge  geometries  used,  We  take  this  observa- 
tions as  an  indication  that  our  loss  factor  p has  a 
correct  value  at  the  detonation  pressure  17-18  GPa 
estimated  for  Pcntanex  and  that  the  charge  shape 
factor  value  kf  of  1 .08  for  cylinder  shaped  charges 
witli  a length  to  diameter  ratio  of  6 is  correct. 

The  result  for  PGDN  showed  an  experimental  A0 
about  10%  lower  than  the  calculated  (-AH())  and 


(-AU).  PGDN  is  an  oxygen  balanced  C’HNO  explo- 
sive which  normally  means  that  AH(j  and  AU  should 
be  easy  to  compute  correctly.  However,  in  the 
Nitrodync  code  nitrogen  oxide  (NO)  is  not  included 
as  a possible  reaction  product  and  consequently 
assumed  to  be  nil.  The  BKW  code  has  NO  as  a possi- 
ble reaction  product  and  calculates  0.07  moles/ mole 
PGDN  ut  the  CJ-point.  When  one  compares  detona- 
tion front  temperature  measurements  (10)  with  CJ 
temperatures  calculated  with  the  BKW  cos  the  cal- 
culated temperatures  however  seem  to  be  significantly 
lower  than  the  experimental.  As  the  formation  of 
NO  is  temperature  sensitive  the  experimental  NO  con- 
centration at  the  front  in  an  explosive  like  PGDN 
with  a combined  high  heat  of  detonation  and  oxygen 
content  could  be  appreciably  higher  than  that  calcu- 
lated with  the  BKW  cos.  As  the  products  expand  and 
do  work  they  will  cool  and  the  NO  concentration 
should  decrease  shifting  the  equilibrium  towards  more 
energetic  products.  However,  if  there  is  a “freeze 
out”  of  the  NO  concentration  during  the  expansion 
at  some  value  appreciably  higher  than  that  calculated, 
less  energetic  products  would  be  the  result. 

We  suggest  that  formation  of  appreciable  amounts 
of  NO  (**0.7  molcs/molc  EGDN)  caused  by  the  com- 
bined high  front  temperature  and  high  oxygen  con- 
tent could  explain  the  low  experimental  A0  for  EGDN 

The  results  for  ANFO  show  large  effects  on  A0  of 
charge  size  and  initiation.  The  initiation  where  no 
further  increase  in  A0  is  obtained  varies  with  different 
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charge  size  and  shape.  For  the  cylinder  shaped 
charges  with  a diameter  of  75  mm  and  a length  of 
450-500  mm  a very  small  difference  in  A()  was  noted 
between  initiation  with  a detonator  No.  8 only  and  a 
high  density  PETN  primer  weighing  05  g.  For  the 
10  kg  charges  of  the  paint  can  type,  however,  a big 
difference  was  noted  between  a 25  gand  a 140g 
PliTN  primer. 

We  attribute  the  large  effects  of  charge  size  and 
initiation  in  ANF'O  to  the  very  non-ideal  detonation 
characteristics  and  slow  reaction  rates  in  this  explo- 
sive. In  the  10  kg  charge  initiated  by  a 140  g PliTN 
primer  we  believe  that  ANFO  gives  an  expansion  work 
close  to  its  maximum. 


Oxygen  Deficient  CHNO  Explosives 

Detonation  calorimeter  heat  of  detonation  values 
for  PliTN,  HMX,  NM,  hcxotol  60/40  and  TNT  were 
used  to  determine  the  shock  loss  factor  /a  as  a func- 
tion of  detonation  pressure.  Naturally  the  expansion 
work  A„  determined  for  these  explosives  will  be 
almost  equal  to  the  corresponding  detonation  calo- 
rimeter heat  of  detonation  value.  Consequently  the 
difference  between  calculated  (-AHj)  or  (-AU)  and 
measured  A()  get  bigger  with  increasing  oxygen  defi- 
ciency the  same  way  as  the  difference  between  calcu- 
lated and  detonation  calorimeter  AHj  or  AU  does. 

We  believe  that  much  of  the  differences  between 
experimental  and  calculated  data  are  caused  by  a dif- 
ference between  experimental  and  calculated  products 
composition.  In  the  calculations  considerably  more 
carbon  is  formed  in  the  products  than  in  for  example 
a detonation  calorimeter  experiment  with  confined 
charges.  We  therefore  suggest  that  most  of  the  dif- 
ference between  calculated  and  experimental  data 
for  explosives  with  large  oxygetr  deficit  is  caused  by 
computational  difficulties. 


Aluminized  Explosives 

In  ANFOAL  10  a considerable  difference  in  A() 
was  noted  between  0.4  kg  crlcnmcyer  flask  type  of 
charges  and  2.2  kg  cylinder  shaped  charges.  We 
could  also  notice  a lowering  effect  on  A0  when  the 
particle  size  of  the  aluminum  was  changed  from 
1 20  ftm  to  600  ix m in  the  0.4  kg  crlcnmcyer  type  of 
charge. 


The  aluminized  watergel  explosive  WG  2 which 
contains  7%  60  fxtn  Al  gave  an  experimental  expan- 
sion work  almost  equal  to  its  calculated  heat  of  ex- 
plosion. WG  4 which  is  similar  to  WG  2 but  has  1 3% 
aluminum  did  however  not  perform  as  expected  from 
its  calculated  heat  of  explosion.  The  relatively  high 
amount  of  such  solid  reaction  products  as  A1203  and 
Na2COj  in  WG  4 may  result  in  considerable  ther- 
modynamic nonequilibrium  between  solid  and  gaseous 
reaction  products  during  the  expansion  causing  a re- 
duction in  the  expansion  work  yield  of  the  explosive. 

Ilcxotonal  15  having  a large  oxygen  deficit  did  also 
not  perform  as  well  as  its  calculated  data  might  infer. 

In  ANFO  and  ANFOAL  10  the  relatively  slow  re- 
action rate  may  be  affecting  the  expansion  work  per- 
formance for  the  smaller  charges. 
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OPTIMISATION  OF  EXPLOSIVES  FOR  USE  UNDERWATER 


A.  N.  Hicks 

Naval  Construction  Research  Establishment 
Scotland,  United  Kingdom 


A short  series  of  calculations  to  investigate  the  ‘'efficiency”  of  underwater  explo- 
sives is  described.  The  calculations  are  based  on  idealised  adiabatics  for  the  explo- 
sion products  and  investigate  the  changes  which  can  be  caused  in  the  pressure 
signatures  in  the  water  by  variations  in  the  energy  distribution  under  the  adiabatic. 
The  results  show  that  modest  gains  are  achievable  for  the  impulse  flux  and  bubble 
energy  but  that  current  explosives  are  probably  already  quite  close  to  the  optimum 
for  energy  flux. 


INTRODUCTION 

The  most  obvious  way  in  which  the  damage  poten- 
tial of  a given  mass  of  explosive  may  be  increased  is 
by  increasing  the  detonation  energy  of  the  explosive. 
However,  it  is  becoming  increasingly  difficult  to  find 
compounds  and  mixtures  with  higher  detonation 
energy  than  those  currently  available.  In  addition,  in- 
creased detonation  energy  is  often  associated  with 
increased  sensitivity  of  the  explosive  so  that  compo- 
sitions possessing  it  may  be  too  dangerous  for  prac- 
tical use. 

Thus  it  is  becoming  expedient  for  chemists  to 
seek  more  powerful  explosives  by  attempting  to  re- 
duce the  sensitivity  of  existing  high  energy  explosives 
and  to  improve  the  efficiency  with  which  their  energy 
is  converted  into  mechanical  energy  capable  of  doing 
useful  work.  For  example,  in  many  modem  applica- 
tions, the  principal  objective  is  to  impart  a very  high 
velocity  to  metal  in  contact  with  the  explosive.  High 
velocities  of  this  type  arc  associated  with  a very  high 
detonation  pressure  in  the  explosive  and,  where  it  has 
not  been  practicable  to  increase  the  detonation  energy 
significantly,  modern  explosive  compositions  have 
been  developed  which  provide  high  detonation  pres- 
sures. 


However,  it  has  been  known  for  many  years  that 
such  compositions  are  not  efficient  for  use  in  under- 
water applications.  As  the  shock  wave  from  the  ex- 
plosion travels  outward  it  heats  the  water  it  traverses. 
The  equation  of  state  for  water  is  very  insensitive  to 
such  heating,  and  practically  all  the  shock  wave 
energy  which  is  transformed  into  heat  in  this  way  is 
completely  lost  as  far  as  useful  work  is  concerned. 

The  extent  of  such  heating  is  determined  by  the 
shock  wave  pressure  and  increases  very  sharply  with 
pressure.  Figure  1 shows,  approximately,  the  specific 
energy  absorbed  in  this  way  by  the  water  as  a func- 
tion of  the  shock  pressure.  Since  the  highest  shock 
pressures  are  close  to  the  explosion,  most  of  the 
energy  lost  in  this  way  is  absorbed  by  the  water 
immediately  surrounding  the  explosive  charge.  A 
spherically  expanding  shock  wave  in  water  also  leaves 
behind  a considerable  amount  of  kinetic  energy  in  the 
form  of  outward  motion  of  the  water  around  the 
bubble  of  gaseous  explosion  products.  This  energy  is 
in  a mechanical  form  and  some  of  it  can  still  contri- 
bute to  the  damage  potential.  A typical  breakdown 
of  the  original  energy  release  of  an  underwater  explo- 
sive is  shown  in  Fig.  2.  Tills  breakdown  illustrates  the 
large  energy  loss  in  the  water.  Naturally,  the  higher 
the  detonation  pressure  of  the  explosive,  the  higher 
the  shock  pressure  in  the  water  and  the  greater  the 
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Fig.  1.  Variation  of  energy  dissipation  with  shock 
pressure. 


amount  of  energy  dissipated  in  the  water  close  to  the 
explosion.  Thus,  in  some  ways  recent  developments 
in  explosives  have  been  in  exactly  the  wrong  direction 
as  regards  underwater  applications. 

The  aim  of  the  present  study  was  to  provide  a 
simple  estimate  of  the  possible  improvements  which 
might  be  achievable  in  underwater  uses  of  explosives 
by  seeking  compositions  having  low  detonation  pres- 
sures for  a given  specific  energy  release.  Such  an 


estimate  would  guide  chemists  on  the  extent  to  which 
the  goal  of  high  specific  detonation  energy  should  be 
modified  to  keep  down  the  detonation  pressure.  Un- 
less the  desirability  of  low  detonation  pressures  is 
borne  in  mind,  they  tend  to  rise  naturally  with  the 
specific  energy  release. 


METHOD 

The  shock  wave  emitted  by  an  explosion  is  largely 
determined  by  the  adiabatic  expansion  curve  through 
the  detonation  point  in  the  ( p , v)  plane  of  the  explo- 
sion gaseous  combustion  products.  The  approach 
used  in  this  paper  is  to  select  simple  forms  of  adiabatic 
expansion  curve,  resembling  genuine  adiabatics,  and 
to  calculate  the  early  pressure  fields  resulting.  The 
idealised  adiabatics  used  have  been  selected  to  give 
- the  same  detonation  energy  and  the  adiabatics  cover 
the  widest  possible  spread  of  detonation  pressures.  In 
this  way  the  results  should  indicate  the  greatest  pos- 
sible changes  in  the  pressure  signatures  in  the  water 
which  are  possible  from  altering  an  adiabatic  without 
changing  the  total  energy  release. 

Figure  3 shows  calculated  adiabatic  expansion 
curves  for  several  different  explosives.  Theoretical 
curves  are  shown  since  very  few  experimental  results 
are  available  for  such  adiabatics.  The  theory  on 
which  they  are  based  was  developed  by  Jones  (1)  and 
the  curves  were  calculated  as  described  by  Haywood 
(2). 


Some  of  the  shock  wave  energy  crossing  20  charge  radii  is  later  transformed  into  bubble 
energy  so  accounting  for  the  apparent  110J?  total  energy. 

Fig.  2.  Energy  distribution  from  an  underwater  explosion. 
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The  curves  are  very  similar  in  showing  a behaviour 
like  pvn  = constant  with  y near  3 at  high  pressures. 

At  low  pressures,  where  the  temperature  of  the  prod- 
ucts has  dropped  greatly  and  the  composition  has 
‘frozen’,  a similar  behaviour  is  evident,  with  y near 
1.25.  Although  purely  theoretical,  such  curves  are 
believed  to  be  realistic,  and  calculated  pressures  in  the 
surrounding  water  agree  reasonably  well  with  experi- 
mental results  (3). 

The  simplest  approximation  to  such  curves  is  an 
adiabatic  which  behaves  as  an  ideal  gas  with  adiabatic 
exponent  equal  to  3 for  all  pressures  above  a given 
change-over  pressure.  For  pressures  below  this 
change-over,  the  adiabatic  behaves  as  for  an  ideal  gas 
with  exponent  equal  to  1.25.  Such  an  adiabatic  curve 
has  been  added  to  Fig.  3 for  comparison. 

For  an  explosive  with  such  an  adiabatic,  of  original 
specific  volume  v0  and  detonation  specific  energy  re- 
lease h0,  the  detonation  pressure  pd  and  pressure  pc 
at  the  adiabatic  exponent  change-over  can  be  shown 
to  be  related  by 

h0  =7Pdvol2  + 21(pc/Pd)2/3] 


ed  =|'PdvolI  +7(Pc/Pd)2/3l 
cc  = 3PdvoWPd)2/3 

These  relations  have  been  used  to  define  the  adiabatics 
summarised  in  Table  1 . All  correspond  to  explosives 
of  initial  density  1 .5  gm/cc;  four  with  a detonation 
energy  of  1 keal/gm  and  one  of  2 keals/gm.  The 
detonation  pressures  were  chosen  to  give  the  quoted 
values  for  (ej-e^/ej,  the  proportion  of  the  specific 
detonation  internal  energy  in  the  part  of  the  adiabatic 
above  the  change-over  pressure. 

Many  computer  programs  arc  now  available  which 
can  calculate  the  flow  field  around  an  explosion.  The 
one  used  here  (3)  is  a rather  primitive  home-grown 
program  based  on  the  method  of  characteristics.  It 
can  follow  the  primary  shock  wave  fairly  accurately, 
although  the  secondary  shock  in  the  gas  bubble,  and 
the  non-homentropic  flow  behind  it,  cannot  be  fol- 
lowed accurately.  The  calculations  are  all  for  central 
detonation  of  a sphere  of  explosive.  A secondary 
program  was  used  to  integrate  the  “Taylor  detonation 
wave”  equations  (4),  to  provide  the  initial  pressure 
and  velocity  distributions  for  the  main  calculation. 
Typical  initial  distributions  are  shown  in  Fig.  4.  The 
pressures  in  the  penultimate  row  of  Table  1 correspond 
to  the  centra]  quiescent  regions  in  such  distributions. 
For  the  main  calculations,  a modified  Tait  equation 
of  state  was  used  for  the  water.  The  calculations 
were  all  carried  out  for  an  initial  charge  radius  of  1 
cm  and  were  followed  until  the  shock  wave  reached  a 
radius  of  30  cm. 


The  specific  internal  energies  at  the  detonation  front 
and  at  the  change-over  pressure  are,  respectively, 
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Fig.  4.  Pressure  and  velocity  distribution  in  detona- 
tion wave. 


TABLE  1 


Summary  of  Calculations  and  Detonation  Conditions 


Calculation  No 

1 



2 

3 

4 

5 

Percentage  of  energy  in  high 
y part  of  adiabatic 

0 

20 

50 

100 

50 

Detonation  pressure  (kbar) 

21.8 

55.73 

1 15.8 

250.3 

231.6 

Pressure  at  y change-over 
(kbar) 

21.8 

10.7 

4.29 

0 

8.58 

Pressure  initially  trans- 
mitted into  the  water  (kbar) 

19.6 

43.5 

84.8 

173 

161 

Static  pressure  at  bubble 
centre  (kbar) 

9.10 

12.45 

25.9 

56 

51.7 

Detonation  energy  release 
(keal/gm) 

1.0 

1.0 

1.0 

1.0 

2.0 

RESULTS 

a.  Overall  Energy  Balance 

Throughout  the  calculation,  estimates  were  kept 
of  the  total  energy  in  the  gas  bubble,  the  total 
mechanical  energy  in  the  water,  the  energy  dissipated 
in  the  water  as  heat,  the  mass  of  gas  in  the  bubble, 
and  the  mass  of  water  within  the  shock  front  radius. 
These  estimates  were  used  to  provide  simple  conserva- 
tion checks  on  the  overall  accuracy  of  the  calcula- 
tions but  they  also  provide  useful  information  on  the 
way  the  energy  distribution  changes.  This  is  illus- 
trated for  calculation  3 in  Fig.  5.  The  following 
tables,  2,  3 and  4,  give  comparative  figures  for  the 
different  energies  in  the  five  calculations.  Much  of 
the  energy  remainir  g in  the  water  as  mechanical 
energy  (Table  4)  is  in  the  form  of  kinetic  energy, 
Much  of  this  energy  in  turn  is  retained  close  to  the 
gas  bubble  as  ‘incompressible’  flow,  and  is  available 
for  the  bubble  motion,  but  not  for  the  shock  wave, 
except  insofar  as  the  bubble  motion  affects  the  pres- 
sures in  the  tail  of  the  shock  wave.  This  ‘incompres- 
sible’ energy  can  be  calculated  and  subtracted  from 
the  water  energy  to  leave  the  potential  and  kinetic 
energy  associated  with  the  compressible  flow  (largely 
the  shock  wave).  This  gives  for  the  shock  wave  the 
values  shown  in  Table  5. 


From  the  above  results  it  is  clear  that  the  percent- 
age of  energy  loss  as  heat  near  the  charge  depends 
strongly  on  the  initial  detonation  pressure,  and  that 
adiabatics  close  to  1 or  2 are  preferable.  The  shock 
wave  energy  values  suggest  that  some  of  the  energy 
thus  saved  will  be  retained  in  the  bubble  motion  and 
that  in  consequence  adiabatic  2 is  slightly  preferable 
if  ‘shock  wave  energy’  is  to  be  maximised.  The  dif- 
ference between  1 and  2 however  is  very  small. 


Fig.  5.  Energy  distribution  venus  time. 
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TABLE  2 


Fraction  of  Initial  Energy  Lost  as  Heat 


Calculation 

Shock 

Front 

Radius  (cm) 

1 

1 

2 

i 

3 

1 

5 

5 

0.195 

0.509 

0.230 

10 

m 

0.222 

0.577 

0.266 

15 

0.097 

0.113 

0.233 

0.603 

0.282 

20 

0.103 

0.120 

0,240 

0.617 

0.292 

25 

0.108 

0.124 

0.245 

0.627 

0.298 

30 

0.111 

0.128 

0.249 

0.634 
1 

0.303 

TABLE  3 


Fraction  of  Initial  Energy  Retained  in  the  Bubble  Gas 


Calculation 

1 

2 

3 

4 

5 

Shock 

Front 

Radius  (cm) 

5 

m 

0.568 

0.471 

0.039 

0,446 

10 

ESS 

0.437 

0.381 

0.021 

0.354 

15 

0.371 

0.330 

0.316 

20 

0.344 

0.337 

0.305 

0.017 

0.288 

25 

0.316 

0.309 

0.284 

0.017 

0.272 

30 

0.297 

0.291 

0.270 

0.016 

0.259 

TABLE  4 

Fraction  of  Initial  Energy  Retained  in  the  Water 
as  Mechanical  Energy 


Calculation 

1 

2 

3 

4 

5 

Shock 

Front 

Radius  (cm) 

5 

0.346 

0.348 

0.452 

0.324 

10 

0.464 

0.460 

0.380 

15 

0.523 

0,516 

0.379 

0.402 

20 

0.552 

0.544 

0.455 

0.366 

0.420 

25 

0.576 

0.567 

0.357 

0.430 

30 

0.592 

0.581 

0.481 

0.350 

0.437 
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TABLE  5 


'Shock  Wave’ Energy  as  a Percentage  of 
the  Original  Energy 


Calculation 

1 

2 

3 

4 

5 

Shock 

Front 

Radius  (cm) 

5 

0.170 

0.174 

0.184 

0.291 

0.188 

10 

0.237 

0.228 

0.191 

0.241 

0.204 

15 

0.235 

0.256 

0.191 

0.221 

0.205 

20 

0,240 

0.262 

0.199 

0.208 

0.193 

25 

0.253 

0.265 

0.202 

0.198 

0,194 

30 

0.261 

0.270 

0.205 

0.192 

0.195 

b.  Pressure  Signature  Results 

The  ‘overall  energy’  results  described  above  do  not 
correspond  to  any  physically  measurable  quantities. 
Normally  all  results  concerning  an  explosion  have  to 
be  deduced  solely  from  pressure-time  signatures  meas- 
ured at  isolated  points  in  the  water. 

Experimental  results  usually  show  a pressure 
which  rises  almost  instantaneously  to  a peak  value  as 
the  shock  wave  crosses  the  gauge.  Thu  pressure  then 
falls  exponentially,  thus 

Piri  <)  = PqW10 

where  0(r),  normally  called  the  decay  time  constant, 
indicates  the  rate  of  decay.  After  about  1 time  con- 
stant, records  show  a sudden  change  to  a much  slower 
rate  of  decay,  typically  as  r4/5.  At  about  the  same 
time,  the  records  sometimes  also  show  a second,  very 
small  shock  wave. 

A similar  general  character  for  the  pressure  signa- 
tures is  evident  in  the  calculated  results.  Figure  6 shows 
typical  early  pressure  signatures  for  calculation  4. 

The  variation  of  the  peak  pressure  p0,  with  standoff 
is  illustrated  by  the  (pressure  X radius)  v (radius) 
curves  in  Fig.  7.  The  initial  decay  time  constants  are 
shown  in  Fig.  8. 

It  may  be  noticed  that  calculations  4 and  5 are 
very  similar  in  the  early  stages.  The  detonation  pres- 


sures arc  fairly  close,  at  about  250  kbar,  and  the  initial 
y values  for  the  adiabatics  arc  both  equal  to  3 for 
pressures  down  to  8.6  kbar.  In  consequence,  the 
pressure  distributions  in  the  bubble  us  the  detonation 
wave  reaches  the  water  ure  very  similur  (Fig,  4).  De- 
spite this,  as  Fig.  8 shows,  the  time  constants  for  cal- 
culation 5 arc  almost  double  those  for  calculation  4, 
even  at  1 .5  cm.  The  reason  is  that  the  pressure  in  the 
bubble  falls  very  rapidly.  In  calculation  5,  it  tukes 
only  3 /rs  for  the  bubble  to  expand  to  1,37  cm  radius, 
und  the  pressure  at  the  gas/watcr  interface  has  then 


Fig.  6.  Pressure  signatures  for  calculation  4. 
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Fig,  7,  Pressure  X radius  versus  radius. 


ENERGY  DISSIFKTED 
AS  HEAT 

' MECHANICAL'  ENERGY 
IN  WATER 


ENERGY  REMAINING 
IN  BUBBLE 

‘ 2 3 5 10  '"20" 30 

SHOCK  RADIUS  (CM) 


Fig.  8.  Time  constants  versus  radius. 


fallen  to  about  8.5  kbar,  at  which  level  the  difference 
in  the  adiabatics  begins  to  be  felt  in  the  water.  Be- 
cause such  effects  gradually  catch  up  to  the  shock 
wave,  this  time  delay  before  the  point  where  the  pres- 
sure signatures  start  to  diverge,  steadily  reduces.  At 
2.0  ems  radius  it  is  down  to  1-1/2  ns  and  at  5 ems  it  is 
less  than  1/2  ns,  and  the  similarity  between  calcula- 
tions 4 and  5 is  almost  entirely  gone  (Fig.  6).  As  Fig. 
7 shows  although  the  peak  pressures  in  calculations 
4 and  5 are  very  similar  out  to  a shock  radius  of  5 
ems,  beyond  this  the  difference  in  the  adiabatics  is 
felt  even  by  the  shock  wave  and  the  calculation  4 
peak  pressures  decay  more  rapidly  than  those  for 
calculation  5. 


potentials  of  different  explosives  is  usually  assessed 
by  comparing  their  impulse  and  energy  fluxes  at  the 
standoff  concerned.  The  impulse  and  energy  fluxes 
are  calculated  as  the  integrals 


impulse 


energy. 


where  k | and  k2  are  constants.  For  most  of  the 
standoffs  covered  by  the  present  calculations,  these 
integrals  cannot  be  completed  (close-in  the  bubble 
crosses  the  standoff  concerned  before  50,  and  further 
out,  cutting  off  the  calculations  when  the  shock  wave 
reaches  30  cm  radius  limits  the  duration  available). 

For  a standoff  of  10  ems,  however,  the  full  integrals 
have  been  carried  out,  giving  the  results  shown  in  Figs. 
9, 10  and  summarised  in  Table  6. 

The  table  shows  that,  in  terms  of  impulse,  the  low 
detonation  pressure  adiabatics  arc  clearly  preferable, 
again  there  being  little  difference  between  calcula- 
tions 1 and  2.  In  terms  of  energy  the  high  detonation 
pressure  adiabatic  retains  a sufficiently  high  pressure 
at  the  head  of  its  shock  wave  to  show  up  fairly  well. 
However,  the  longer  duration  of  the  low  detonation 
pressure  adiabatic  just  gives  it  an  edge.  Between  these 
extremes,  the  energies  arc  lower.  Further  out  from 


Although  the  peak  shock  wave  pressure,  p0,  and 
time  constant,  0,  are  the  physical  parameters  most 
often  quoted  for  underwater  explosives,  the  damage 
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Fig.  9.  impulse  flux  versus  time  at  10  charge  radii. 


Fig.  10.  Energy  flux  versus  time  at  10  charge  radii. 

the  charge,  the  peak  pressure  in  calculation  4 decays 
more  rapidly  than  in  calculations  1-3  (see  Fig.  7)  and 
it  would  probably  fare  less  well  in  terms  of  energy 
flux  at  such  ranges. 

BUBBLE  ENERGY 

As  the  shock  wave  travels  outward,  it  leaves 
behind  energy  in  the  form  of  an  outward  ‘afterflow’ 
velocity  of  the  water.  This  velocity  is  simply  the 
incompressible  flow  around  the  expanding  bubble. 

Its  kinetic  energy,  added  to  the  energy  in  the  gas  it- 
self gives  the  total  bubble  energy  which  shows  itself 
as  a vigorous  pulsation  which  can  be  very  damaging. 

Traditionally,  bubble  energy  is  deduced,  via 
theoretical  equations  for  the  bubble  motion,  from 
measurements  of  the  bubble  pulsation  period. 

Bubble  probes  have  also  been  used  to  measure  the 


radius  of  the  bubble,  so  that  its  energy  can  be  esti- 
mated as  the  potential  energy  of  the  hole  in  the  water 
when  the  bubble  is  at  its  maximum  size. 

From  the  calculated  conditions  for  the  bubble 
when  the  shock  wave  reaches  30  ems,  the  maximum 
bubble  si/.e  and  the  subsequent  bubble  minimum  size 
can  be  estimated  from  standard  incompressible 
theory.  The  pulsation  energy  is  then  the  difference 
between  the  potential  energies  of  the  bubble  at  maxi- 
mum and  minimum  radii.  The  results  are  shown  in 
the  following  Table  7.  The  actual  values  depend 
slightly  upon  the  depth  of  the  explosion  but  arc 
sensibly  constant  for  the  depths  of  common  practical 
interest.  The  difference  between  the  total  bubble 
energy  and  the  pulsation  energy  represents  the  energy 
irretrievably  locked  in  the  gas  products. 

Once  again,  the  low  detonation  pressure  adiabatic 
leads  to  the  most  efficient  transfer  of  energy. 

For  the  generation  of  bubble  energy  there  need 
not  even  be  a shock  wave.  Propellants  from  rocket 
motors  can  produce  pulsating  bubbles.  However,  it 
is  possible  to  go  too  far  in  this  direction.  The  pulsa- 
tion energy  is  really  the  difference  in  the  potential 
energies  of  the  holes  in  the  water  when  the  bubble 
is  at  its  maximum  and  minimum  sizes.  A nonpulsating 
bubble  is  relatively  innocuous,  even  if  large.  Slow 
burning  propellants  can  produce  large  bubbles,  but 
these  have  large  minimum  radii  also,  and  so  the  actual 
pulsation  energy  available  is  less  than  for  an  equiva- 
lent explosive.  All  the  adiabatics  used  here  are  far 
from  this  limit  as  the  energy  of  the  hole  at  minimum 
size  is  small. 

COMPARISON  WITH  A NORMAL’  EXPLOSIVE 

A calculation  similar  to  the  foregoing  five  calcu- 
lations has  been  carried  out  for  TNT  of  initial  density 


TABl.E  6 

Impulse  and  Energy  Flux  Values 
at  a Radius  of  10  cm 


Calculation 

a 

2 

3 

a 

5 

f/kl  kbar-pis 

24.4 

22.2 

19.9 

14.6 

27.1 

E/k2  kbar2-ps 

8.35 

8.00 

7.30 

8.08 

15.34 
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1 .5  gm/cc  and  an  energy  release  of  1 .082  kcals/gm. 
The  adiabatic  used  was  that  illustrated  in  Fig.  3. 
Results  from  tliis  calculation  have  been  added  to  all 
the  figures. 

The  rather  different  shaped  adiabatic  leads  to  a 
detonation  pressure  between  calculations  3 and  4 but 
closet  to  4,  the  poorest  performer  in  the  other  calcu- 
lations. The  detonation  conditions  corresponding  to 
Table  1 are: 


Detonation  pressure 

Pressure  initially 
transmitted  into 
the  water 

Bubble  centre  static 
pressure 

Detonation  energy 


209  kbar 
157  kbar 

37  kbar 
1 .082  kcals/gm 


Corresponding  to  Tables  2,  3, 4 and  5,  TNT  gave  the 
values  in  Table  8.  Again  TNT  lies  between  calcula- 
tions 3 and  4 in  terms  of  overall  energy  although  this 
time  closer  to  3.  For  ‘shock  wave’  energy  it  is 
roughly  equal  to  3.  In  terms  of  ‘shock  wave’  energy, 
as  defined  for  Table  5,  an  explosive  with  the  energy 
release  of  TNT  could  produce  nearly  30%  more 
energy  if  its  adiabatic  were  modelled  to  resemble  that 
of  calculation  2.  In  terms  of  mechanical  energy  in 
the  water,  the  possible  improvement  is  about  23%. 

Figures  9 and  10  show  the  impulse  and  energy 
fluxes  at  10  ems  standoff.  The  corresponding  values 
integrated  to  the  time  56  are: 

i/k]  = 1 9.6  kbar -ps 
E/k2  = 8.96  kbar2  ~ps  (8.28  kbar2 -ps) 


TABLE  7 

Bubble  Pulsation  Energy  as  a Fraction 
of  the  Original  Energy 


Calculation 

1 

2 

3 

4 

5 

Total  Bubble 
Energy 

0.702 

0.672 

0.606 

0.208 

0.560 

Pulsation 

Energy 

0.600 

0.572 

0.513 

0.202 

0.477 

TABLE  8 


Overall  Energy  Balance  for  TNT 


Shock  Front  Radius 

5 

10 

15 

20 

25 

30 

Fraction  of  energy  lost 
as  heat  in  water 

0.287 

0.328 

0,346 

0.357 

0.364 

0.369 

Fraction  of  energy 
remaining  in  bubble 

0.322 

0.249 

0.207 

0.187 

0.173 

0.160 

Fraction  of  energy  in 
water  in  mechanical  form 

0.392 

0.423 

0.447 

0.457 

0.463 

0.471 

Fraction  of  energy  in 
‘shock  wave’ 

0.232 

0.229 

0.209 

0.201 

0.205 

0.207 

559 


which  may  he  compared  with  Table  6.  The  figure  in 
parentheses  is  the  value  obtained  by  reducing  the 
TNT  value  to  correspond  to  an  initial  energy  of  1.00 
kcals/gm  and  is  a more  appropriate  value  for  direct 
comparision  with  the  other  calculations.  In  terms 
of  impulse,  TNT  is  about  equal  to  calculation  3 and 
about  a 12%  improvement  would  result  (19%  allow- 
ing for  the  extra  energy),  if  the  calculation  2 adiaba- 
tic were  modelled.  In  terms  of  energy  flux,  the  TNT 
could  not  be  greatly  hnpro"ed,  being  already  very 
close  to  the  calculation  1 /alue.  At  greater  ranges  the 
TNT  values  probably  slightly  less  favourable. 

The  pulsation  energy  for  1 NT a fraction  0.425 
of  tne  original  energy,  so  again  a considerable 
improvement  could  be  achieved  (21%)  by  modelling 
the  adiabatic  for  calculation  2. 


COMPARISON  WITH  THE  HIGHER  DETONA- 
TION ENERGY  ADIABATIC 

The  calculation  for  the  higher  detonation  energy 
idealised  adiabatic  (5)  shows  "e'y  substantial  enhance- 
ment of  all  the  energy  levels  considered.  It  naturally 
has  a higher  detonation  pressure  than  the  comparable 
lowe:  energy  adiabatic  (3^  and  so  is  less  efficient.  For 
the  same  efficiency,  ail  ern  gies  would  be  exactly  2.0 
tunes  greater  in  calm  ation  5 than  in  calculation  3. 

In  fact,  the  factor  is  over  1 .8  for  all  energies.  Thus, 
although  a substantial  proportion  of  the  initial  energy 
is  ‘wasted’  for  both  these  adiabatics,  the  proportion 
is  not  greatly  increased  at  the  higher  energy. 

CONCLUSIONS 

The  idealised  adiabatics  used  for  the  calculations 
described  here  straddle  a wider  range  than  is  likely  to 
be  producible  in  a conventional  explosive. 

The  adiabatics  all  have  the  same  energy  release,  a 
form  similar  to  that  for  actual  explosives,  and  they 
cover  a wide  range  of  detonation  pressures. 

The  results  suggest  strongly  that  very  high  detona- 
tion pressures  are  undesirable  from  most  viewpoints, 
except  pcss'My  the  energy  flux  (measured  to  5 1 \ 

The  impulse  flux  for  the  adiabatic  with  the  highest 
detonation  pressure  was  60%  less  than  that  w>th  the 
lowest  detonation  pressure,  and  the  bubble  energy 
was  66%  less.  The  energy  flux  (to  50)  however  was 


little  different  (about  3%  down,  although  intermediate 
detonation  pressures  gave  up  to  10%  less). 

Normal  explosives  perform  far  better  than  this 
‘worst’  adiabatic.  Although  having  a comparable 
detonation  pressure,  the  shape  of  the  theoretical 
adiabatic  for  TNT  at  lower  pressures  compensates 
to  a considerable  extent,  and  for  the  same  energy 
release,  the  possible  improvements  for  a modified 
adiabatic  are  of  the  order: 


energy  flux  at  10  charge  radii 

0% 

impulse  flux  at  10  charge  radii 

20% 

bubble  energv 

20% 

Theoretical  adiabatics  for  HBX-1  and  Torpex,  two 
explosives  optimised  experimental!/  for  underwater 
use,  are  illustrated  (Fig.  3)  and  the  shape  suggests  that 
most  of  the  energy  they  have  in  excess  of  that  for 
TNT  is  situated  well  down  in  the  adiabatic.  Accord- 
ingly, it  is  likely  that  they  are  already  quite  close  to 
the  optimum  as  calculated  here. 

The  additional  loss  of  efficiency  due  to  increasing 
the  initial  energy  available  to  the  explosive  is  not 
great  and  this  is  probably  still  the  most  promising 
avenue  to  explore  in  the  search  for  greater  damage 
potential. 
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THE  EFFECT  OF  EXPLOSIVE  PROPERTIES  ON  THE  SHOCK  WAVE 
PARAMETERS  OF  UNDERWATER  EXPLOSIONS 


B.  D.  Lamboum 

Atomic  Weapons  Research  Establishment 
Aldermaston,  Berkshire,  England 


A series  of  hydro-code  calculations  has  been  carried  out  to  find  the  effect  of  chang- 
ing the  parameters  in  a poly  tropic  equation  of  state  for  detonation  products,  on  the 
shock  pulse  in  water  arising  from  an  underwater  explosion.  It  is  found  that  after 
the  shock  wave  has  reached  l'A  charge  radii,  there  is  a strong  correlation  of  shock 
pressure  with  detonation  energy,  Q,  and  virtually  no  dependence  on  adiabatic  ex- 
ponent, y.  Conversely  the  pulse  width  depends  mainly  on  y and  little  on  Q.  The 
effect  of  changing  charge  density  is  that  the  shock  wave  parameters  scale  with 
charge  mass  in  the  normal  way.  Further  calculations  with  different  shapes  for  the 
Chapman  Jouguet  adiabat  have  shown  that  over  a wide  range  of  detonation  energies 
a remarkably  constant  percentage  of  the  energy  (27-30%)  is  developed  as  kinetic 
energy  of  the  water,  but  bubble  internal  energy  is  sensitive  to  the  form  of  equation 
of  state  of  the  detonation  products. 


INTRODUCTION 

Two  series  of  detailed  calculations  on  the  attenua- 
tion of  shock  waves  generated  by  underwater  explo- 
sions have  been  carried  out  in  recent  years.  Sternberg 
and  Walker  (1 ) calculated  the  explosion  of  a sphere  of 
pentolite.  Madcr  (2)  considered  a Tetryl  sphere 
detonated  at  various  depths,  :ther  investigation 
considered  the  effect  of  changing  the  explosive. 
Underwater  explo'  i experiments  show  that  at  largo 
distances  from  the  charge,  the  shock  wave  parameters 
are  not  very  sensitive  to  the  nature  of  the  explosive, 
but,  at  least  in  the  UK,  there  has  been  no  systematic 
series  of  calculations  *o  find  the  effect  of  changing 
explosive  parameters  on  the  shock  pulse. 

Some  early  hydrocode  calculations  on  underwater 
explosions  in  which  the  shock  wave  was  smeared  out 
over  several  meshes  by  the  artificial  viscous  pressure 
method,  were  too  insensitive  to  establish  the  effect  of 
changing  explosive  equation  of  state  parameters  on 
the  characteristics  of  the  shock  pulse. 


The  present  calculations  use  an  alternative  method 
of  calculating  both  the  shock  and  detonation  waves 
as  mathematical  discontinuities.  In  the  first  ‘grid’  of 
calculations,  a simple  polytropic  equation  of  state 
was  used  for  the  detonation  products,  with  3 different 
values  for  the  detonation  energy  Q (800  cal/g,  1000 
cal/g,  1200  cal/g);  and  3 different  values  for  the 
adiabatic  exponent  y (2.769,  3.0  and  3.317)  at  a 
constant  initial  explosive  density  of  1.6  gem-3. 

Two  calculations  were  done  to  vary  initial  density. 

Four  additional  calculations  have  been  carried  out 
to  find  the  effect  of  changing  the  form  of  the  adiabatic 
expansion  of  the  detonation  products.  In  part,  the 
latter  series  of  calculations  arose  because  the  energy 
distribution  in  the  grid  calculations  was  different 
from  that  quoted  by,  for  example,  Penney  and 
Dasgupta  (3). 

THE  CALCULATIONS 

The  calculations  were  carried  out  using  a hydro- 
code called  MCCOY  which  has  been  developed  by 
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Hoskin  (4).  In  MCCOY  the  detonation  wave  in  the 
explosive  and  the  first  shock  wave  in  an  inert  material 
may  be  treated  as  a ‘sharp’  shock.  All  subsequent 
shock  waves  are  smeared  out  by  the  viscous  pressure 
method. 

In  the  calculations,  a 1 cm  radius  sphere  of  ex- 
plosive divided  into  25  meshes  was  initiated  at  its 
centre  and  it  was  planned  to  calculate  the  shock  in 
the  water  out  to  about  20  charge  radii.  It  would  have 
been  too  expensive  in  computer  time  to  have  divided 
the  water  into  equal  thickness  meshes,  so  a gradually 
increasing  mesh  size  was  used  in  successive  regions  of 
the  water.  A total  of  270  meshes  was  used  in  the 
water,  the  arrangement  being  shown  in  Table  1. 

The  equation  of  state  of  the  water  was  taken  to  be 
of  a simple  polynomial  form 

p = 0.0225  p + 0.05725  m I M I 
+ p0E  (0.11  +5.61  p) 

where  p is  pressure  in  Mb,  p - p/p0  ~ 1 . Po  the  initial 
density  is  1 gem3,  and  E is  the  specific  internal 
energy.  The  first  coefficient,  0.0225  Mb,  is  the  bulk 
modulus  of  the  water.  The  equation  of  state  is 
chosen  to  fit  the  Hugoniot  fairly  well,  but  does  not 
fit  the  expansion  behaviour  satisfactorily  for  densities 
less  than  1 gem3.  However,  it  is  regarded  as  adequate 
for  simple  comparative  calculations. 

As  has  already  been  noted,  a simple  polytropic  gas 
equation  of  state 

p = (7  - 1)  pE 

was  chosen  for  the  detonation  products. 


In  terms  of  the  initial  density  p0,  7 and  the  deto- 
nation energy  per  gram  Q,  the  Chapman-Jouguet  pres- 
sure pcj  is 

Pcj  = 2 Po  (7  “ 0Q 

The  values  of  pcj  in  kb  are  given  for  the  chosen  values 
of  po,  Q and  7 in  Table  2. 


RESULTS 
Shock  Pressure 

Shock  pressures  in  the  water  at  various  radii  are 
summarised  in  Table  2.  The  initial  shock  pressure  in 
the  water  correlates  very  well  with  Chapman-Jouguet 
pressure,  as  is  shown  in  Figure  1 , and  for  given  pcj 
there  is  only  a mild  dependence  on  Q and  7.  This 
behaviour  is  to  be  expected  from  a consideration  of 
the  shock  interaction  process  in  the  pressure-particle 
velocity  plane.  Shock  pressure  generated  in  the  water 
is  largely  determined  by  the  initial  conditions  behind 
the  detonation  wave  and  changes  in  the  shock  im- 
pedance of  the  detonation  products  are  only  a second 
order  effect. 

The  shock  wave’s  memory  of  the  detonation  pres- 
sure rapidly  fades  and  the  striking  feature  of  Table  2 
for  shock  radii  of  1.5  cm  and  greater  is  that  whilst 
there  is  a significant  increase  of  shock  pressure  with 
detonation  energy  Q,  though  decreasing  in  magnitude 
for  larger  charge  radii,  there  is  effectively  no  depend- 
ence on  adiabatic  exponent  7.  In  fact  shock  pressure 
increases  with  7 for  small  shock  radii,  is  essentially 
independent  of  7 at  a shock  radius  of  5 cm,  and  de- 
creases with  7 at  larger  radii.  Hence,  thd*higher  the 
value  of  7,  the  greater  the  rate  of  attenuation  of  the 


TABLE  1 

Distribution  of  Meshes  in  the  Calculations 
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TABLE  2 


Shock  Pressure  in  kb  at  Various  Shock  Radii 


(Initial  charge  density  1 .6  gem-3) 


Q 

800 

1000 

1200 

T 

Pcj 

190 

237 

284 

R " 1.0 

138 

170 

203 

1.5 

34.1 

41.1 

47.8 

2.769 

2.0 

17.8 

20.8 

23.9 

5.0 

3.14 

3.52 

3.89 

10.0 

1.17 

1.30 

1.41 

14.0 

0.752 

0.825 

0.886 

Pcj 

214 

268 

321 

R * 1.0 

151 

187 

223 

1.5 

35.8 

42.9 

50.5 

3.0 

2.0 

18.2 

21.4 

24.4 

5.0 

3.13 

3.50 

3.90 

10.0 

1.16 

1.29 

1.39 

14.0 

0.744 

0.813 

0.870 

Pcj 

248 

310 

372 

R = 1.0 

169 

209 

249 

1.5 

37.6 

45.4 

53.0 

3.317 

2.0 

18.8 

22.0 

25.1 

5.0 

3.12 

3.49 

3.86 

10.0 

1.15 

1.26 

1.36 

14.0 

0.732 

0.798 

0.852 

shock  amplitude.  Thus,  although  a larger  value  of 
y gives  a larger  pcj,  it  also  implies  that  when  the 
bubble  has  expanded  to  a given  radius,  the  average 
bubble  pressure  will  be  smaller.  Signals  from  the  more 
rapidly  dropping  bubble  pressure  catch  up  with  the 
shock  wave  and  cause  it  to  attenuate  more  rapidly. 


Pulse  Width  and  Impulse 

Shock  pulse  width  and  approximate  shock  impulse 
are  plotted  as  functions  of  Q and  y at  a shock  radius 
of  10.3  cm  in  Figs.  2 and  3.  The  radius  of  10.3  cm 
was  chosen  to  compare  with  some  earlier  viscous 
shock  runs. 

The  pulse  width  6 is  taken  at  1/e  times  the  shock 
pressure  and  an  approximate  shock  impulse  is  evalu- 
ated from 


I = ps  exp  (-  [t  - ts]  16)  dt  = ps  • 0 


Q cal/g 


Fig.  2.  Dependence  of  pulse  width  6 on  Q and  y at 
R = 10.3  cm  (p0  = 1.6  gem'3). 


2 769 

3 0 

3 317 


f 


Fig.  1.  Initial  shock  pressure  as  a function  of  pCj 
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Fig.  3.  Dependence  of  impulse  on  Q and  y 
at  R = 10.3  cm  (p0  = 1.6  g.cm~3 }. 


For  convenience  in  plotting  the  computer  runs,  the 
pressure-time  history  has  been  analysed  assuming  that 
the  measuring  station  moves  with  the  water,  rather 
than  remaining  stationary.  Since  the  water  particles 
initially  at  radius  10.3  cm  have  only  moved  0.06  cm 
in  time  0,  the  error  is  not  large.  Figure  2 shows  that 
the  pulse  width  0 is  nearly  independent  of  Q and  de- 
creases as  y increases.  This  is  consistent  with  the 
previous  discussion  on  the  dependence  of  shock  pres- 
sure on  y.  A faster  rate  of  decay  in  pressure  at  tb 
bubble  surface  will  produce  a narrower  shock  pwsv. 

As  a result  of  the  dependence  of  shock  pressure 
on  Q and  pulse  width  on  y,  the  impulse  increases  w 
Q and  decreases  with  y,  as  shown  in  Fig.  3. 


Effect  of  Change  in  Explosive  Density 

In  order  to  explore  the  effect  of  changing  the  ex- 
plosive density,  two  additional  calculations  have  been 
carried  out,  keeping  y fixed  at  3.0  and  Q at  1000 
cal/g.  The  two  densities  were  1 .33  and  2.0  g.em-3  and 
the  calculations  can  be  compared  with  the  appropriate 
grid  run,  with  density  1 .6  g.cm“3.  In  the  calcula- 
tions the  charge  radius  was  fixed  at  1 cm,  so  that  the 
charge  mass  varies  in  proportion  to  the  density.  In 
analysing  the  runs  it  seem  profitable  to  enquire 
whether  the  results  fitted  the  normal  scaling  laws.  The 
results  of  the  calculations  were  therefore  tabulated 
at  a suitable  shock  radius,  so  that  they  could  be  com- 
pared directly  with  the  grid  calculation  at  10.3  charge 
radii,  i.e.,  the  shock  pulse  was  evaluated  at  a radius  of 
10.3  times  the  cube  root  of  the  ratio  of  the  densities, 


and  the  corresponding  pulse  widths  were  divided  by 
this  factor. 

Table  3 shows  for  the  two  runs  at  densities  of  1 .33 
and  2.0  g cm-3  the  actual  shock  pressure  and  pulse 
width  at  the  appropriate  scaled  radius,  together  with 
the  pulse  width  and  impulse  scaled  to  be  equivalent 
to  10.3  charge  radii  for  the  calculation  at  an  initial 
density  of  1.6  g cm'3.  It  will  be  seen  that  the  shock 
pressures  at  the  scaled  radii  agree  within  2%  despite 
’■e  fact  that  the  Chapman-Jouguet  pressures  vary  by 

Vo  and  the  initial  shock  pressure  in  the  water  by 

>%. 

The  scaled  pulse  widths  agree  to  within  3%  and  the 
scaled  impulse  to  within  4%.  Thus  scaling  appears  to 
hold  well  for  a wide  range  of  initial  explosive  densities. 


Energy  Distribution 

Figure  4 shows  the  distribution  of  kinetic  and 
internal  energy  in  the  water  for  the  calculation  with 
p0  — 1 .6  g cm”3,  Q = 1000  cal/g  and  7 = 3,  as  a func- 
tion of  time.  Region  1 corresponds  to  water  initially 
between  the  charge  and  radius  1 .5  ern,  and  region  2 to 
the  water  outside  1.5  cm.  It  will  be  seen  that  the 
kinetic  energy  in  region  1 is  negligible.  The  internal 
energy  remaining  in  region  1 is  constant  at  about  20% 
of  the  total.  In  region  2 the  internal  energy  is  slowly 
increasing  and  is  about  50%  of  the  available  energy, 
and  the  kinetic  energy  of  region  2 is  slowly  decreasing 
and  contains  the  remaining  30%  of  the  energy. 


TABLE  3 
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Fig.  4.  Energy  history  in  water  region  (lj(R<  1.5 
cm ) and  region  (2)  (R>  1.5  cm)  p0  = 1.6  g cm  ~3, 
Q = 1000  cal g'1, 1 = 3.0. 


When  the  shock  radius  is  ~ 14  cm,  the  percentage 
of  the  total  energy  as  internal  energy  in  region  1 in- 
creases slightly  with  both  7 ar.d  Q,  corresponding  to 
an  increase  in  shock  heating,  whereas  the  percentage 
of'  the  total  energy  as  internal  energy  in  region  2 in- 
creases slightly  with  0 and  is  independent  of  7. 

The  distribution  of  energy  may  be  compared  with 
the  results  of  Penney  and  Dasgupti  (3),  and  Walker 
and  Sternberg  ( 1 ),  -.vho  calculated  the  distribution 
when  the  shock  wave  has  reached  6 charge  radii. 


Table  4 compares  the  energy  distributions  when 
the  shock  has  reached  6 charge  radii.  It  will  be  seen 
that  whereas  the  MCCOY  grid  calculation  has  less 
than  1%  of  the  explosive  energy  remaining  in  the 
bubble,  the  other  calculations  have  25%.  The  pro- 
portion of  energy  available  as  kinetic  energy  is  the 
same  for  all  three  calculations,  and  so  the  energy  lost 
from  the  bubble  is  in  the  water  as  internal  energy. 

The  MCCOY  calculations  have  not  been  analysed 
to  find  how  the  internal  energy  in  the  water  should  be 
divided  between  shock  heating  and  compressional 
energy,  but  it  is  likely  that  the  shock  heating  is  similar 
in  the  three  cases. 

It  was  at  first  thought  that  the  curious  energy 
distribution  in  the  MCCOY  calculation  might  be  due 
to  the  rather  simple  equation  of  state  assumed  for  the 
water,  but  a calculation  with  a different  EOS  soon 
showed  that  this  was  not  so. 

Further  calculations  have  therefore  been  carried 
out  with  variations  in  the  equation  of  state  for  the 
detonation  products. 

THE  EFFECT  OF  EOS  VARIATIONS 

Description  of  the  Equations  of  State 

The  calculations  were  carried  out  using  three  equa- 
tions of  state  for  the  U.S.  explosive  PBX  9404  and  for 
an  extrapolated  theoretical  explosive -“higli  energy 


TABLE  4 


Compariso  1 of  Energy  Distributions  at  6 Charge  Radii 


Penney 

and 

Dasgupta 

Sternberg 

and 

Walker 

MCCOY 

Calculations 

Explosive 

TNT 

Po  = 1-5 

Pentolite 

Po  ~ 1*65 

Q = 1000 

7=  3.0 

Po=  16 

Water  KE 

33% 

34% 

34% 

Water  IE  (Shock  htg) 
(Compressive) 

27% 

14% 

34%  ) 

13%  ) 

65% 

Bubble  IE 

25% 

25% 

< 1% 

- j 
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9404.”  Each  explosive  had  the  same  Chapman- 
Jouguet  pressure  and  detonation  velocity,  but  dif- 
ferent shapes  for  the  adiabatic  expansion  in  the 
pressure-volume  plane.  Analytically  the  adiabats 
were: 

(a)  Polytropic  gas 

=Sl 

vr 

(b)  Constant  0 equation  of  state  (5) 


(c)  Jones-Wilkins-Lee  equat  ion  of  state  (6) 
p = Bj  e k*v  + B2e-k2V 

vl+w 

where  y,  A,  6,  w,  Bi , kj , B2,  k2  are  material  con- 
stants and  Cj , C2,  C3  are  functions  of  entropy  which 
are,  of  course,  constants  for  the  respective  Chapman- 
Jouguet  adiabats. 

Adiabats  for  the  four  equations  of  state  are  shown 
in  the  In  p - In  v plane  in  Fig.  5.  JWL constants  for 
many  explosives  are  given  by  Lee,  Hornig  and  Kury 
(7). 

The  four  calculations  carried  out  were  as  follows: 

3 12B-JWL  equation  of  state  with  detonation 
energy*  1 342  cal/g. 

3 l2C-Poly  tropic  gas  equation  of  state  with  y 
equal  to  the  value  at  the  C-J  state  for  PBX  9404  (7  = 
2.66);  detonation  energy  1 543  cal/g. 

312E-Constant  0 equation  of  state,  with  the  same 
C-J  state  and  same  low  pressure  behaviour  as  the  JWL 
equation  of  state;  detonation  energy  1852  cal/g. 

312D-Hypothetical  constant  0 equation  of  state, 
with  the  same  C-J  state  as  the  other  calculations  but  8 


•The  detonation  energy  U the  area  in  the  p-v  plane  between 
the  C-J  adiabat  and  the  Rayleigh  line  joining  the  initial  atate 
p » 0,  v » v0,  to  the  C-J  state.  It  is  the  maximum  amount  oi 
energy  available  for  doing  hydrodynamic  work. 


times  larger  pressure  than  312E  at  large  expansions; 
detonation  energy  3678  cal/g. 

Whereas  runs  312B,  C and  E all  represent,  to  a 
greater  or  lesser  extent,  the  true  behaviour  of  PBX 
9404,  run  31 2D  was  purely  an  attempt  to  find  the 
effect  of  a markedly  different  expansion  behaviour 
on  the  shock  pulse.  However,  runs  312B,  E and  D are 
members  of  the  same  family  of  equations  of  state, 
with  increasing  detonation  energies. 

Energy  Distributions 

Tables  5 and  6 show  the  distribution  of  energy 
when  the  shock  has  reached  10  charge  radii,  first  in 
terms  of  the  distribution  of  calories  per  gram  of  ex- 
plosive, and  secondly  as  percentages  of  the  detonation 
energy  available.  The  water  is  divided  into  two  parts- 
(1)  that  initially  between  the  explosive  and  1 .5 
charge  radii,  for  which  the  internal  energy  is  mainly 
shock  heating;  and  (2)  that  outside  1 .5  charge  radii. 


Fig.  5.  Chapman-Jouguet  adiabats  for 
PBX  9404  variants. 


< 
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TABLE  5 


Energy  Distribution  for  ‘PBX  9404”  in  Calories/ gram 


JWL 

Polytropic  Gas 

Constant  (S 

High  Energy  Constant  6 

Bubble:  KE 

7 

3 

1 

4 

IE 

162 

3 

154 

936 

Region  (1):  KE 

5 

5 

6 

11 

IE 

240 

274 

274 

284 

Region  (2):  KE 

370 

435 

530 

1106 

IE 

558 

823 

881 

1337 

Total 

1342 

1543 

1852 

3678  cai/g 

TABLE  6 

Energy  Distribution  for  ‘‘PBX  9404” -Percentages 


JWL 

Polytropic  Gas 

Constant  0 

High  Energy  Constant  0 

Bubble:  KE 

0.6 

0.2 

0.4 

0.1 

IE 

12.1 

0.2 

8.3 

25.4 

Region  (1):  KE 

0.4 

0.3 

0.3 

0.3 

IE 

17.8 

17.8 

14.8 

7.7 

Region  (2):  KE 

27.5 

28.2 

28.6 

30.1 

IE 

41.6 

53.3 

47.6 

36.4 

The  conclusions  that  may  be  drawn  from  these 
calculations  are  that 

(1 ) the  bubble  internal  energy  is  indeed  a strong 
function  of  equation  of  state,  The  key  to  the  dif- 
ference lies  in  the  low  pressure  behaviours  of  the 
equations  of  state.  Each  tends  towards  a straight  line 
in  the  In  p - 1 n v plane  (Fig.  5)  and  hence  behaves 
like  a perfect  gas.  Thus  at  low  pressures  the  internal 
energy  is  of  the  form 

pv 


Table  8 shows  that  when  the  shock  has  reached  10 
charge  radii,  the  bubble  radius  is  nearly  constant,  so 
that  v is  roughly  independent  of  the  EOS.  However, 
Fig.  6 shows  that  the  pressure  for  the  poly  tropic  gas 
EOS  is  low  compared  with  the  other  equations  of 
state.  These  two  factors  account  for  the  low  internal 
energy  in  the  water  in  the  grid  calculations. 

(2)  The  internal  energy  in  the  inner  region  of  the 
water  is  nearly  independent  of  the  equation  of  state 
and  accounts  for,  perhaps,  half  of  the  shock  heating. 
It  is  a reflection  of  the  fact  that  shock  pressure 
histories  are  similar  in  the  early  stages  of  the 
calculations. 


but  whereas  x - 1 is  7 - 1 for  the  poiytropic  gas  EOS 
and  is  of  order  2,  x - 1 is  w for  the  JWL  and  constant 
0 equations  of  state  and  is  of  order  0.4.  In  addition, 
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(3)  Ultimately  the  greater  internal  energy  and 
greater  pressure  remaining  in  the  bubble  for  the  JWL 


CONCLUSIONS 


and  constant  0 equations  of  state  are  going  to  have 
an  effect  on  the  bubble  expansion.  Had  the  calcula- 
tions been  taken  on  to  a much  later  time,  it  is  prob- 
able that  the  bubble  behaviour  would  have  been 
quite  different  for  the  polytropic  gas  EOS  than  for 
the  other  calculations. 


The  results  of  the  earlier  grid  calculations  using  the 
poly  tropic  equation  of  state  show  that 


(!)  Initial  shock  pressure  in  the  water  increases 
with  detonation  pressure  pc.j. 


Shock  Wave  Parameters 


The  shock  wave  parameters  for  the  four  ‘PBX 
9404'  calculations  are  summarised  in  Tables  7 and  8. 


Table  7 shows  the  variation  of  shock  pressure  with 
radius.  All  start  with  almost  the  same  shock  pressure 
in  the  water.  The  polytropic  gas  and  constant  0 equa- 
tions of  state  have  very  similar  shock  histories,  es- 
sentially because  the  detonation  product  adiabats  are 
clusi-ly  similar,  down  to  a few  kilobars  (Fig.  5). 


(2)  In  the  body  of  the  water  the  shock  pressure 
depends  mainly  on  the  detonation  energy  Q and  little 
on  the  adiabatic  exponent  y of  the  detonation  prod- 
ucts. At  10  charge  radii,  the  shock  pressure  increases 
by  20%  for  a 50%  change  in  Q. 


(3)  Pulse  width  depends  mainly  on  y and  not  on 
Q,  when  the  shock  has  reached  10  charge  radii.  A 
20%  increase  in  y produces  a 6%  reduction  in  pulse 
width. 


The  values  of  pulse  width  to  some  extent  reflect 
the  low  pressure  behaviour  of  the  explosives.  The 
poly  tropic  gas  calculation  has  a smaller  pulse  width, 
essentially  because  the  bubble  pressure  drops  more 
rapidly. 


(4)  The  calculations  suggest  that  about  30%  of  the 
available  energy  remains  as  internal  energy  of  the 
water  initially  between  the  charge  and  1 lA  charge 
radii;  and  that  when  the  shock  has  reached  14  charge 
radii,  about  70%  of  the  available  energy  is  in  the  form 
of  internal  energy  of  the  water. 


TABLE  7 

Shack.  Pressure  at  Furious  Radii  for  " PBX  0404" 


R 

(cm) 

JWL 

Polytropic  Gas 

Constant  0 

High  Energy  Constant  0 

1.0 

262.4 

263,9 

263.7 

264.2 

1.5 

52.4 

63.2 

63.4 

67.2 

2.0 

25.1 

31.5 

31.8 

35.1 

5.0 

3.85 

4.84 

5.02 

6.35 

10.0 

1.39 

1.68 

1.75 

2.23 

12.5 

1.02 

1.22 

1.27 

1.61 

TABLE  8 


Bubble  Radius  and  Impulse  at  10.3  Charge  Radii 


JWL 

Poly  tropic  Gas 

Constant  0 

High  Energy  Constant  0 

R 

3.04 

3.14 

3.22 

3.62  cm 

P* 

1.33 

1.61 

1.67 

2.13  kb 

0 

12.7 

11.5 

12.2 

14.1  ps 

Up,0 

16.8 

18.4 

20.5 

29.9  kb  ps 

Calculations  on  the  effect  of  changing  charge 
density  show  that,  at  least  in  the  range  at  which  the 
results  were  analysed  (i.e.,  at  ~ 10  charge  radii),  the 
shock  pressure,  pulse  width  and  impulse  are  in  satis- 
factory agreement,  providing  normal  scaling  with  the 
cube  root  of  the  mass  is  used. 

The  fact  that  the  energy  distribution  for  the  grid 
calculations  was  different  from  that  shown  by  other 
authors  has  been  investigated  by  four  calculations  on 
the  explosive  PBX  9404,  with  different  shapes  for  the 
Chapman-Jouguet  adiabat.  The  calculations  show 

(a)  that  the  internal  energy  remaining  in  the 
bubble  when  the  shock  has  reached  10  charge  radii  is 
very  dependent  on  the  low  pressure  adiabatic  ex- 
ponent of  the  detonation  products  and  on  the  pres- 
sure in  the  products  at  large  expansions; 


(b)  that  over  a very  wide  range  of  detonation 
energies,  800  to  3700  cal/g,  a remarkably  constant 
percentage  of  the  energy  (27-30%)  is  developed  as 
kinetic  energy  of  the  water. 
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THE  UNSTEADY  REGULAR  AND  MACH  REFLECTION  RESULTING  FROM  THE 
INTERACTION  OF  SPHERICAL  EXPLOSION  SHOCK  WAVES  IN  WATER 


Julius  W.  Enig 

Naval  Surface  Weapons  Center,  White  Oak  Laboratory 
White  Oak,  Silver  Spring,  Maryland  20910 


Numerical  solutions  have  been  obtained  for  the  unsteady  phenomena  of  regular  and 
Mach  reflection  occurring  when  two  identical  spherical  explosive  charges  of  pen- 
tolite,  of  radius  a0  and  center-to-center  separation  distance  22,  are  simultaneously 
detonated  underwater.  Calculations  have  been  performed  for  3.0  < 2i/a0  <11.1 
with  an  equation  of  state  of  water  due  to  Sternberg  and  Walker  (S-W).  Good 
agreement  has  been  obtained  between  the  numerical  results  and  the  existing 
experimental  shadowgraphs  for  the  motion  of  the  shock  waves  and  the  develop- 
ment of  the  Mach  stem.  The  characteristic  properties  of  water  have  been  analyzed 
in  detail  with  the  aid  of  oblique  shock  theory.  The  von  Neumann  simple  three- 
shock  solution  does  not  occur  for  incident  shock  pressures  below  5 kilo  bars  if  the 
S-  W or  the  HOM  equations  of  state  arc  used  to  represent  water.  The  use  of  the  S-  W 
and  HOM  equations  in  oblique  shock  theory  correctly  predicts  the  Mach  stem 
pressure  at  the  critical  shock  angle  while  a y-law  type  does  not. 


I.  INTRODUCTION 

It  is  known  from  World  War  II  experiments  that 
regular  shock  reflection  on  the  plane  of  symmetry, 
that  arises  when  two  identical  explosive  charges  are 
simultaneously  detonated  underwater,  changes 
abruptly  to  Mach  reflection  when  the  angle  between 
the  incident  spherical  shock  front  and  the  pla.ie  of 
symmetry  becomes  sufficiently  large. 

At  present,  no  analytical  solutions  exist  which 
describe  the  effect  of  the  unsteady  flow  field  on  the 
formation,  growth,  and  strength  of  the  Mach  stem, 
and,  in  particular,  on  the  growth  angle  of  the  triple 
point.  In  the  case  of  Mach  reflection  arising  from 
the  intersection  of  spherical  shock  waves,  a “growth” 
angle  for  the  locus  of  the  “triple  point”  has  been 
calculated  and  compared  with  previous  experimental 
observations.  The  calculated  results  are  derived  from 
a numerical  solution  of  the  partial  differential  equa- 
tions. The  discussion  will  be  in  the  following 
sequence: 


Three  different  equations  of  state  of  water  and  an 
equation  of  state  of  the  detonation  products  of  the 
explosive,  pentolite,  are  given  in  §11.  Historically, 
the  simplest  method  of  analyzing  a problem  involving 
unsteady  oblique  shocks  has  been  to  consider  the 
unsteady  oblique  shock  phenomena  as  a sequence  of 
pseudostationary  events,  each  of  which  may  be 
treated  by  stationary  oblique  shock  theory.  The 
application  of  this  theory  to  the  calculation  of 
regular  and  Mach  reflection  in  water  using,  for  the 
first  time,  the  recent  Sternberg-Walker  (S-W)  and 
HOM  equations  of  state,  is  made  in  §111.  A brief 
discussion  of  the  experimental  data  on  the  collision 
of  spherical  shock  waves  in  water  is  given  in  §IV  and 
oblique  shock  theory  is  applied  to  some  of  these 
experiments  in  order  to  calculate  the  flow  parameters 
at  the  critical  angle  for  Mach  reflection,  In  §V,  the 
flow  equations  for  unsteady  axisymmetrical  com- 
pressible flow  are  written  in  Lagrangean  coordinates 
which  consist  of  two  families  of  concentric  circles. 
Finally,  the  numerical  solution  for  the  ptoblem  of 
two  simultaneously  detonated  explosive  spheres 
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underwater  is  given  in  § VI.  Calculations  for  different 
ratios  of  the  charge  separation  to  charge  radius  with 
different  equations  of  state  of  water  arc  shown  and 
comparison  is  made  with  existing  experimental 
results. 


II.  EQUATIONS  OF  STATE 

Sternberg  and  Walker  (S-W) 

The  E,  p,  V equation  of  state  of  water,  due  to 
Walker  and  Sternberg  (1),  is  of  the  form 

P = fi/V  + f 2/V3  + f 3/V5  + f4/V7  , (2.1) 

where  f1.f2.f3.  and  f4  are  polynomial  functions  of 
the  specific  internal  energy,  E,  fit  to  both  the  shock 
Hugoniot  data  and  the  low-pressure  compressibility 
data  for  fresh  water,  and  p and  V are,  respectively 
the  pressure  and  specific  volume.  The  initial  state  of 
the  water,  denoted  by  superscript  0,  is  given  by  p°  = 

1 atm  = 1.01325  bar,  p°  s ]/V°  =0.99821  g/cm3, 
and  E°  = 0. 

7-Law  Type 

in  early  calculations  on  shock  waves  in  water, 
Polachek  and  Seeger  (2)  employed  the  E,  p,  V equa- 
tion of  state  for  water  that  resembles  a 7-law  gas: 

P = [P0V0  + 7A(V0  - V)  + (7  - 1 )EJ  (7  - 1)E/V, 

(2.2) 

where  A = 3000  atm  and  7 = 7.15.  Here  p0  = 1 atm 
and  Vq  = 1 .000  cm3/g  arc  initial  values  at  20°C. 

HOM  Equation 

The  HOM  equation  of  state  for  water,  used  by 
Mader  and  Gage  (3),  fits  the  experimental  data  for 
the  single  shock  Hugoniot  to  a Gruneisen  equation  of 
state. 

WSH  Equation 

The  E,  p,  V equation  of  state  for  the  detonation 
products  of  pentolite  is  given  by 

p = AE/V  + B/V4  + Ce_KV  , (2.3) 


where  A = 0.35,  B = 0.002164  mbar  anl2/g4,C  = 
2.0755  mbar,  and  K = 6.  The  functional  form  of 
Eq.  (2.3)  is  due  to  Wilkins,  Squier,  and  Haipeiin  (4), 
but  the  method  for  obtaining  the  constants  A,  B,  (', 
and  K is  given  in  Ref.  1 . These  values  hold  when  the 
undetonated  explosive  has  an  initial  density  of  p°  = 
1.65g/cm3  and  a detonation  energy  of  0.0536  mbai 
cm3/g  ( 1 280  cal/g). 

The  Chapman-Jouguet  (CJ)  detonation  conditions 
for  pentolite  are  pej  =0.2452  mbar,  pej  ~ I /Vcj  = 
2.21 0 g/cm3 , Ecj  = 0.0724  mbar  cm3/g,  and  cej  = 
0.5714  cm/ptsec,  where  c is  the  sound  speed. 

III.  REGULAR  AND  MACH  REFLECTION 
Oblique  Flow  Aero*  an  Incident  Shock 

Consider  a stationary  plane  shock  10,  and  let  uo 
be  the  fluid  velocity  in  the  vertical  direction  entering 
10  at  an  angle  0,  the  shock  angle,  and  U|  be  the  fluid 
velocity  exiting  10  after  being  deflected  by  an  angle 
0 j , the  deflection  angle,  as  shown  in  Fig.  3.1.  The 
deflection  angle  is  positive  if  the  acute  angle  that  the 
deflected  flow  makes  with  the  direction  of  u0  is 
measured  in  the  counterclockwise  direction.  Let 

uOn  = uosin0  (3.1) 

and  U]n  be  the  components  of  these  velocities  normal 
to  the  shock,  and  UQt  and  u1(  be  the  components 
tangential  to  it.  Let  pp.  Pq  and  Pi  > Pi  be  the  pressure 
and  density  “in  front  of’  and  “behind”  the  shock, 
respectively,  of  Fig.  3.1 . The  equation  of  continuity 
is 

Pi  = PoUOn/uin  • (3-2) 


Fig.  3.1.  Stationary  plane  shock  10  making  angle  0 
with  incoming  flow  of  velocity  uQ;  0t  is  deflection 
angle. 
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The  momentum  equation  in  the  normal  direction  is 
Pi  - Po  = Pou0fl(u0n  " uln)  (3-3) 

which,  together  with  Eq.  (3.2)  yields 

P0“0n  = (Pl-P0)/(V0-Vl).  (3-4) 

where  V s 1/p.  The  conservation  of  energy  across 
the  shock  requires  that 

E - E0  = (Pl +PoXV0-V1)/2.  (3-5) 

In  the  tangential  direction, 

uit  = u0(.  (3.6) 

From  tan  0 =■  u^uo,, tan  (0  ~ °l ) = uln/ult<  311(1 
Eqs.  (3.2)  and  (3.6)  it  follows  that 

0\  = 0 ~ tan-1  l(Po/Pl)  tan  0]  . (3.7) 

Behind  the  shock  front, 

u,  = uln/sin  (0  ~ Gj)  . (3.8) 

For  known  p0,  V0,  and,  therefore,  Ey,  the  flow 
across  10  involves  nine  variables,  namely,  u0,  u0n, 

P|  > V) , Ej , Uj , Uj,,,  Oj,  and  0,  connected  by  the 
equation  of  state  E = E(p,  V)  and  Eqs.  (3.1),  (3.2), 

(3.4) ,  (3.5),  (3.7),  and  (3.8).  Thus,  specification  of 
any  two  yields  the  other  seven  variables. 

Example  1 : Assume  Pl  and  0 are  given.  Equation 

(3.5)  and  E = E(p,  v)  leads  to  a known  Hugoniot 
relationship,  V)  = Vj(pi);and  Ej,  u0n,  u0,  uln,  Uj, 
and  0)  follow  directly  from  Eqs.  (3.5),  (3.4),  (3.1), 
(3.2),  (3.8),  and  (3.7),  respectively. 

Suppose  u0  is  given.  Then  pj  is  a function  of  the 
deflection  angle  . A plot  of  this  function,  the 
shock  polar  ABCD,  is  shown  in  Fig.  3.2.  The  shock 
polar  ABCD  is  the  locus  of  possible  shocked  states 
p^Oj)  when  the  flow  ahead  of  the  shock  is  in  state 
(0).  The  pressure  p0  at  A corresponds  to  u^  = cq, 
where  c0  is  the  sound  speed  of  the  incoming  fluid; 
the  maximum  pressure  Piimax  at  C corresponds  to 
u0n  ~ u0  in  Eq-  (3.4),  i.e.,  the  shock  wave  is  normal 
to  incoming  flow.  The  point  B corresponds  to  the 
angle  of  maximum  possible  deflection  of  the  flow, 


Fig.  3.2.  Coelescence  of  the  weak  and  strong  shocks 
solutions  W and  U to  the  point  R as  p}  in 

regular  reflection.  S j is  the  sonic-point. 

max,  The  segment  ADC  corresponds  to  flow  de- 
flections through  negative  angles.  For  each  value  of 
0\  < max  > tliere  exlst  two  solutions.  The  segment 
DAB  corresponds  to  the  "weak  shock”  solution  for 
which  0 is  relatively  small  and  the  downstream  flow 
is  generally  supersonic.  Inasmuch  as  Sj , the  sonic 
point,  is  very  close  to  B,  there  exists  a small  subsonic 
segment  SjB  corresponding  to  the  weak  shock  solu- 
tion. BCD  corresponds  to  the  “strong  shock”  solu- 
tion for  which  (3  is  relatively  large  and  the  down- 
stream flow  is  subsonic.  Which  of  the  two  solutions 
is  the  physical  one  depends  on  the  boundary 
conditions. 

Oblique  Flow  Across  a Reflected  Shock 

Let  a uniform  flow  with  velocity  u0  be  deflected 
on  passing  through  the  two  plane  shocks  10  and 
l'0  through  angles  0\  ¥=  0\  ^ 6*'  as  shown  in  Fig. 
3.3.  Now  there  are  present  two  reflected  shocks  R0 


Fig.  3.3.  Four-shock  configuration. 
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and  R'O  and  a slip  line  OC.  The  particles  along  the 
streamline  passing  through  10  emerge  from  RO 
having  the  same  direction,  but  different  speed,  as 
those  along  the  streamline  emerging  from  R'O.  Both 
streamlines  are  parallel  to  OC.  Region  ROR'  has 
constant  pressure,  though  ROC  and  R'OC  have  dif- 
ferent entropies.  If  the  shocks  10  and  I'O  are  of  equal 
strength,  i.e.,  the  angles  d[  and  0*'  are  identical,  then 
OC  vanishes  and  the  flow  is  symmetric,  being  equiva- 
lent to  shock  reflection  off  a rigid  wall. 

In  Fig.  3.3,  ahead  of  10,  the  flow  variables  are 
again  denoted  by  subscript  0;  behind  10  by  sub- 
script 1 and  a prime,  the  latter  denoting  that  the 
flow  has  been  determined;  behind  R0  by  the  sub- 
script 2 in  ROC  where  the  flow  is  to  be  determined. 

In  IOR,  Eqs.  (3.2)-(3.8)  hold,  but  with  a prime  on 
all  variables  with  subscript  1 . 

In  order  to  consider  the  flow  across  R0,  let  v be 
the  angle  that  the  incoming  streamline  makes  with 
RO,  n = v-d[  be  the  angle  that  RO  makes  with  the 
vertical  (i.e.,  the  direction  of  u0),  and  02  be  the  angle 
that  the  streamline  makes  with  the  vertical.  (In  Fig. 
3.3,  v is  an  acute  angle.)  Therefore,  0[  - 02  is  the 
angle  that  the  streamline  is  deflected  on  crossing 
RO.  Let 


tan  (}jl  + 02) 
tan  v 


u2n/u2t 


^2n 

,.(r) 

uln 


Yl 

vr 


where  Eqs.  (3.1 1)  and  (3.12)  have  been  used,  it  fol- 
lows that 


02  = 6[  - v + tan"1  [(V2/Vj)  tan  v] . (3.14) 

Once  the  flow  in  IOR  has  been  determined,  the 
flow  in  ROC  is  determined  with  the  aid  of  another 
shock  polar.  The  equation  of  state  and  Eqs.  (3.9)- 
(3.1 1),  (3.13),  and  (3.14)  are  six  equations  in  the 
seven  unknowns  p2,  V2,  E2,  u^rn\  u2n,  v,  and  02. 
Therefore,  p2  is  a function  of  02.  A plot  of  this 
function,  shown  in  Fig.  3.2,  gives  the  shock  polar 
HEFG  as  the  locus  of  possible  states  2 in  ROC  of 
Fig.  3.3.  H corresponds  to  the  state  1 ahead  of  the 
reflected  shock,  where  0j  = 0\  and  pj  = p'j,  Another 
piece  of  information  is  needed  in  order  to  single  out 
a particular  state  2 from  among  the  possible.  In 
Fig.  3.3,  OP  is  the  perpendicular  to  the  direction  of 
u'i . If  v < 7r/2  (as  shown),  then  R0  is  called  backward- 
facing,  and  02  < d[ . lfv>  tt/2  (as  in  Fig.  3.4),  then 
R0  is  a forward-facing  shock,  and  02>0\.  In  Fig. 

3.2,  HEF  corresponds  to  forward-facing  shocks  and 
HGF  corresponds  to  backward-facing  shocks. 


(r)  _ t . (r)  _ t 

uln  “ U1  s,n  v > ult  = U1  cos  v 

be,  respectively,  the  normal  and  tangential  compo- 
nents of  Uj  relative  to  RO.  Across  R0,  and  analogous 
to  Eqs.  (3.5),  (3.4),  (3.2),  and  (3.6), 


E2-E'i  = (P2  + p',)(Vi  -V2)/2 

(3.9) 

»K  - V{[(P2-Pi)/(Vi'-V2)] 

1/2 

(3.10) 

u2n  = ulnV2 /V1  > 

(3.11) 

u2t  “ u<U  > 

(3.12) 

where  u2n  is  the  normal  component  of  u2  relative  to 
R0.  From 

v = sLn_1  (uln/ul)  , 

(3.13) 

Fig.  3.4.  A forward-facing  reflected  shock  Ro; 
v < 90°. 

Regular  and  Mach  Reflection  at  a Rigid  Wall 

The  weak  shock  state  W of  Fig.  3.2  conesponds 
to  regular  refle>  non  off  a rigid  wall  as  shown  in  Fig. 
3.5,  i.e.,  02  = 0 in  Fig.  3.3.  As  p'j  (and,  therefore, 
0'l)  increases  for  fixed  u0,  the  shock  polar  for  state  2 
becomes  smaller  as  shown  in  Fig.  3.2,  and  finally 
shrinks  to  a point  when  H reaches  the  sonic  point 
S]  of  the  shock  polar  Pj(0i).  For  p'j  = pj  ^j,,  the 
weak  and  strong  shock  solutions  W and  U,  respec- 
tively, coalesce  to  R in  Fig.  3.2.  For  p\  > pj>crj( 
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Fig.  3.5.  Reflection  off  a rigid  wall  reduced  to  steady 
flow. 

(and,  therefore,  d[  regular  reflection  off  a 

rigid  wall  is  no  longer  possible.  Because  0 increases 
with  increasing  p'j  for  fixed  Uq,  it  follows  that  there 
exists  a critical  incident  shock  angle  0^  such  that 
regular  reflection  is  not  possible  for  0 > 0^.  Here, 
“Mach  reflection”  is  encountered.  The  simplest 
form  of  Mach  reflection  consists  of  the  von  Neumann 
(5)  “three-shock  configuration.” 

Mach  Reflection  With  “Zero  Growth  Angle” 

In  a coordinate  system  centered  at  the  “triple 
point"  T,  moving  parallel  to  u0,  the  steady  flow  in 
the  neighborhood  of  T,  is  depicted  in  Fig.  3.6.  The 
incoming  flow  enters  the  incident  shock  IT  at  an 
angle  /3.  The  reflected  shock  RT,  making  an  angle 
0r  with  u0,  is  shown  as  backward-facing.  Let  MT  be 
the  tangent  to  the  Mach  stem  WT  at  T-  The  flow 
passing  through  IT  and  RT  emerges  parallel  to  the 
flow  passing  through  MT  and  at  the  same  pressure; 
the  slip  line  CT  divides  RTM  into  two  regions  RTC 
and  MTC  in  which  the  flow  speeds  arc  different.  The 
flow  in  RTM  is  represented  by  the  two  intersections, 

T and  T*  of  Fig.  3.7,  which  correspond  to  a backward- 
facing (see  Fig.  3.6)  and  a forward-facing  (see  Fig. 

3.4)  reflected  shock,  respectively.  The  point  T is 
thought  to  give  the  correct  solution.  The  shock 


fig.  3.6. 


Fig.  3. 7.  Shock  polar  showing  two  Mach  stem 
intersections. 

polars  may  also  have  only  one  intersection  as  shown 
in  Fig.  3.2.  Since  the  curved  Mach  stem  must  be 
perpendicular  to  the  wall  at  W,  the  flow  behind  WT 
in  Fig.  3.6  is  given  by  the  segment  WT  of  the  shock 
polar  in  Fig.  3.7. 

For  the  curved  Mach  stem  WT,  the  slope  of  the 
stem  at  1 in  Fig.  3.6,  i.e.,  the  shock  angle  0m  of  the 
tangent  shock  MT,  is  0m(p2,  uo).  Since  u^  = 
uq  sin  0m , the  specific  volume  behind  the  Mach 
stem  at  T is  given  by 

Pq^  = [(P2-P0)/(V0-V^m))]1/2.  (3.21) 

If  instead  of  the  steady  flow  depicted  in  Fig.  3.6, 
the  shock  motion  is  pseudo-stationary,  i.e.,  the 
shocks  IT  and  TW  move  with  constant  speed  ~u0 
into  stationary  gas,  then  the  locus  of  triple  points  T 
is  a straight  line  parallel  to  the  rigid  wall.  The  angle 
between  this  locus  and  t’  .all  is  obviously  zero;  and 
the  flow  is  referred  to  as  containing  a triple  point 
moving  at  “zero  growth  angle.” 


Mach  Reflection  With  “Nonzero  Growth  Angle” 

If  a plane  shock  wave  strikes  a rigid  comer  such 
that  the  shock  angle  0 exceeds  0^,  then  the  result- 
ing unsteady  flow  yields  the  locus  of  triple  points  T 
as  a straight  line  making  an  angle  x > 0,  the  “gro  <th 
angle,”  with  the  wall.  In  a coordinate  system  moving 
with  T,  the  resulting  pseudo-stationa;y  flow  in  the 
neighborhood  of  T is  shown  in  Fig.  3.8.  The  incoming 
flow  enters  IT  at  an  angle  co  = 0 - x-  The  reflected 
shock  RT,  making  an  angle  cot  with  uq,  is  shown  as 
backward-facing.  In  «on  Neumann’s  model,  the  flow 
in  region  RTM  is  represented  by  the  intersection 
points  or  the  shock  polars  AHW*  and  HT'FT  in 
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Fig.  3.8.  Mach  stem  with  “nonzero  growth  angle,  ” 
X>0. 

Fig.  3.9.  These  are  generated  using  Eqs.  (3.1)- 
(3.14)  as  before,  except  that  (3  is  replaced  by  w 
wherever  the  former  appears.  The  point  T (backward- 
facing shock)  is  thought  to  give  the  correct  solution. 

In  Fig.  3.8, 

com  = sin-1  u^Vu0  . (3.16) 


Fig.  3. 9.  Shock  polar  with  \ > 0. 

It  is  important  to  note  that,  unlike  the  case  for 
X = 0,  the  pressure  at  the  wall  W of  Fig.  3.8  is  not 
given  by  the  pressure  at  the  point  W'  of  Fig.  3.9  for 
X > 0.  Thus,  TW'  in  Fig.  3.9  is  not  the  exact  image 
of  TW  of  Fig.  3.8,  except  for  the  point  T (6).  The 
pressure  pw-  is  given  by 

2 2 2 

(Pw'  ~ Po)/(V0  - VwO  = [p0u0n/sin  03-  x)l  = P0u0  • 

(3.17) 


•»*#!  (M9HI1) 


Fig.  3.10.  Change  in  the  reflected  shock  polars  for 
water  (S-W  equation  of  state,  Eq.  2.1)  as  the  incident 
shock  pressure  p t = p'j  is  increased  from  10  kbar  in 
kbar  increments  for  fixed  p)itrwc  =183  kbar.  The 
sonic  point  for  each  polar  is  denoted  by  a *.  Sj  is 
the  sonic  point  for  the  incident  shock  polar. 

while  u0  (or  pl  max  = 183  kbar)  is  held  constant,  not 
only  does  regular  reflection  disappear  for  pj  > pt  ^j, 
but  even  Mach  reflection  of  the  von  Neumann  type 
(containing  a single  slip  line)  appears  not  possible 
when  the  incident  and  reflected  shock  polars  do  not 
intersect  (except  at  the  point  H)  for  sufficiently  large 
values  of  pj . Note,  however,  that  a simple  triple 
point  solution  is  possible  for  some  range  of  pj . 

A variant  of  the  above  is  found  for  water  with  the 
same  equation  of  state.  Here,  Mach  reflection  of  the 
von  Neumann  type  does  not  occur  at  all  for  fixed 
u0  (or  Pi, max  = 1^7.3  kbar)  as  shown  in  Fig.  3.1 1. 
For  Pi  = 10  kbar,  the  polars  for  increasing  values  of 
w are  shown  in  Fig.  3.12. 

Shock  polars  having  one  intersection  point  during 
regular  reflection  are  shown  in  Figs.  3.13  and  3.14; 
these  polars  are  computed  for  water  using  the  7-law 
equation  of  state  given  in  §11.  In  Fig.  3.14,  a “von 
Neumann”  Mach  stem  exists  even  as  the  second  loop 
becomes  small. 

Critics!  Angie 


4 


J 


4 


Consider  shock  polars  having  two  or  zero  inter- 
section points  as  shown  in  Fig.  3.10*  for  water  With 
the  S-W  equation  of  state  given  in  §11.  As  pt  increases 


•Note  that  when  the  shock  polars  are  computer  generated, 
and  drawn  with  the  use  of  the  Could  Electrostatic  Plotter, 
as,  for  example,  in  Fif.  3.10,  that  portion  of  the  incident 
polar  for  which  p < pj  is  not  drawn. 


The  transition  from  regular  to  Mach  reflection 
takes  place  in  one  of  three  possible  ways  which,  fol- 
lowing the  notation  of  Ahrens  and  Urtiew  (7),  are 
denoted  as  Type  I,  II,  and  III.  The  three  types  of 
solutions  are  shown  in  Figs.  3.1 5 and  3.16,  where  all 
three  types  are  defined  by  the  relative  positions  of 
the  polars  when  the  reflected  shock  polar  is  tangent 
to  the  ordinate. 


Fig.  3.11.  Change  in  the  reflected  shock  polars  for 
water  (S-  W equation  of  'tate,  Eq.  2.1)  as  the  incident 
shock  pressure  pj  is  increased  from  10  kbar  in  10 
kbar  increments  for  fixed  p I rmx  - 147.3  kbar.  The 
sonic  point  for  each  shock  polar  is  denoted  by  an 
asterisk  *. 


Fig.  3. 12.  For  fixed  pj  = 10  kbar,  change  in  both 
incident  and  reflected  shock  polars  for  water  ( S-W 
equation  of  state)  as  to  = 0 - x is  increased.  The 
sonic  points  are  denoted  by  an  asterisk  *. 

In  Type  I,  the  entire  reflected  shock  polar  lies 
inside  the  incident  shock  polar  without  crossing  it  at 
any  point  as  seen  in  Figs.  3.1 1 and  3.12.  It  follows 
that  the  flow  cannot  be  represented  by  a simple 
three  shock  configuration  with  a single  slip  line.  The 
flow  is  more  complicated  involving  compression 
waves  along  the  Mach  stem.  Guderley  (8)  has.sug- 
gested  that  the  flow  contains  a supersonic  patch  em- 
bedded in  the  subsonic  flow  downstream  of  the  Mach 
stem  as  shown  in  the  enlargement  in  Fig.  3.16(a). 

This  flow  requires  that  the  reflected  shock  points  up- 


Fig.  3.13.  Change  in  the  reflected  shock  polars  for 
water  (y-law  equation  of  state,  Eq.  2.2,  y = 7.15)  as 
the  incident  pressure  pj  is  increased  from  10  kbar 
in  10  kbar  increments  for  fixed  p j max  = 103.5  kbar. 
The  sonic  point  for  each  polar  is  denoted  by  an 
asterisk  *. 


Fig.  3.14.  For  fixed  pj  -10  kbar,  change  in  both 
incident  and  reflected  shock  polars  for  water  (y-law 
equation  of  state,  y = 7. 15)  as  to  = J3  - x is  increased. 
The  sonic  points  arc  denoted  by  an  asterisk  *. 


Fig.  3.15.  Shock  polars  for  the  three  types  of  Mach 
reflection  at  the  critical  angles,  0^ 
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Mg.  3. 16.  (a)  Guderley 's  solution  for  the  flow  at  the 
triple  point  when  the  shock  polars  do  not  intersect. 
The  flow  in  the  vicinity  of  T is  a supersonic  patch 
( shown  enlarged)  embedded  in  a subsonic  flow. 

(b)  Mach  stem  at  the  critical  angle  when  the  flow 
behind  the  reflected  shock  RT  is  subsonic,  (c)  Sta- 
tionary Mach  stem,  a special  case  of  Type  III 
transition. 

stream  at  the  triple  point.  The  curved  line  TSK  is  a 
sonic  line. 

In  Figs.  3.1 5(b)  and  (c),  the  points  R and  T 
represent  the  flow  behind  the  reflected  shock  in 
regular  and  Mach  reflection,  respectively.  For  Type 
II,  the  Mach  reflection  T occurs  on  the  “strong” 
(subsonic)  shock  part  of  the  reflected  shock  polar 
as  seen  in  Figs.  3.10  and  3.13,  while  for  Type  III,  the 
reflection  occurs  on  the  “weak”  (mostly  supersonic) 
part  of  the  reflected  shock  polar. 

In  the  exceptional  case  for  Type  III,  when  RW'T 
shrinks  to  a point,  “stationary”  Mach  reflection  ap- 
pears in  which  the  Mach  stem  is  a straight  line  normal 
to  the  wall  as  shown  in  Fig.  3.16(c). 

At  the  critical  shock  angle  0crit,  let  pw<,  pR,  and 
Pp  be  the  pressures  corresponding  to  the  points  W', 

R,  and  F of  Fig.  3.15,  i.e.,  Pw'.Pr*  and  Pf  represent, 
respectively,  the  pressure  behind  the  Mach  stem  at  the 
wall  (if  x = 0,  otherwise  not),  the  pressure  behind  the 
regularly  reflected  shock,  and  the  maximum  possible 
reflected  shock  pressure  (corresponding  to  v = 90° 
in  Fig.  3.4).  Hence,  for  transitions  of  Type  I,  pR  < 

Pp  < Pw'",  for  transitions  of  Type  II,  pR  < pw>  < pr: 
and  for  transitions  of  Type  III,  pw*  < pR  < pF. 
Theoretically,  it  is  possible  to  have  pp  < pw,  for 
Type  II  'out  that  case  seldom  occurs  due  to  the 
characteristics  of  the  polars.  While  the  pressure  pw> 
is  not  exactly  the  Mach  stem  pressure  pw  at  the  wall, 
they  are  approximately  equal  when  x <<  0 as  seen 
from  Eq.  (3.17). 

For  fixed  p'j , the  variation  of  pw  as  a function  of 
w = 0 - x,  as  the  reflection  process  changes  from 
regular  to  Mach  reflection,  depends  in  a qualitative 


manner  on  whether  the  material  undergoes  Type  I, 

II,  or  III  transition  at  the  critical  shock  angle  0^. 

On  the  assumption  that  the  shock  pressure  on  the 
wall  is  always  the  minimum  of  pR  and  py^,  and  that 
Pw  ~ Pw'*  ‘f  *s  seen  from  Fig*  3.1 5,  that  Type  I and 
II  transitions  lead  to  a discontinuous  increase  in 
pressure  pw  = pw»  at  the  wall  at  the  transition  from 
regular  to  Mach  reflection,  and  that  Type  III  transi- 
tions yield  a continuous  change  in  pressure. 

Analysis  of  Water  by  Type 

Calculations  for  water,  similar  to  those  in  Ref.  7 
for  metals,  have  been  performed  for  0^  as  a function 
of  pj  as  shown  in  Fig.  3.17.  The  three  curves  are  for 
the  S-W,  the  7 = 7.1 5,  and  the  HOM  equations  of 
state.  Pairs  of  va:  f pj , (3  that  fall  below  the 

curves  are  in  the  regular  reflection  regime;  above  the 
curves  they  are  in  the  Mach  reflection  regime.  The 
calculated  pressure  ratios  at  ^crit  as  functions  of  pj 
for  the  three  equations  of  state  are  shown,  respec- 
tively, in  Figs.  3.18,  3.19,  and  3.20.  Over  the  range 
of  pressures  investigated,  the  S-W  equation  of  state 
has  a transition  from  Type  I to  Type  II  at  24  kbar 
(see  Fig.  3. 18);  the  y-law  type  equation  of  state  is 
Type  I below  5 kbar,  Type  II  with  pF  < pw*  for 
5 < pj  <10.5  kbar,  and  Type  II  with  pF  > pw»  for 
pj  > 10.5  kbar;  the  HOM  equation  of  state  is  of 
Type  I. 

For  the  S-W  equation  of  state,  pR  and  pw' 
are  shown  as  a function  of  co  = 0 - x for  different 
values  of  pj  in  Fig.  3.21 . Similar  curves  for  y = 7.1 5 
and  the  HOM  equations  cf  state  are  given  in  Figs. 

3.22  and  3.23,  respectively.  The  solid  curve  RRf  is 
the  theoretical  locus  of  pR/pj  at  which  regular  re- 
flection just  fails  for  different  values  of  ca.  Shock 
polar  calculations  show  the  relationship  between 
o)r  and  w for  the  S-W  equation  of  state;  two  families 
of  curves  of  constant  pj  are  given  in  Fig.  3.24.  One 
family  consists  of  the  regular  reflection  curves.  The 
asterisk*  on  each  curve  denotes  the  point  at  which 
0 = dent  and  divides  the  “weak”  (mostly  supersonic) 
reflected  shock  solutions  (lower  segments)  from  the 
“strong”  (subsonic)  reflected  shock  solutions  (upper 
segments).  The  curve  RR'  through  the  asterisks  is, 
therefore,  the  theoretical  locus  of  points  at  which 
regular  reflection  fails  and  Mach  reflection  begins. 

The  other  family  consists  of  the  possible  triple  point 
solutions;  the  X denotes  the  largest  value  of  to  at 
which  a three-shock  solution  is  possible,  i.e.,  a point 
of  tangency  of  the  two  shock  polars  in  the  p,  6 plane. 
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Fig.  3,17.  Pi  vs  0^  for  (a)  the  S-W,  (b)  y-law  type 
(y-7. 15),  and  (c)  HOM  equations  of  state. 


Fig.  3. 18.  Calculated  pressure  ratios  at  0crit  as  a 
function  of  pj  in  water  with  S-W  equation  of  state. 


Fig.  3. 1 9.  Calculated  pressure  ratios  at  0crit  as  a 
function  of  pj  in  water  with  y-law  type  (y=  7.1 5) 
equation  of  state. 


The  curve  XT'  through  each  X is  the  theoretical  locus 
of  points  at  which  the  three-shock  solution  fails  and 
more  complicated  Mach  reflection  begins.  For  small 
values  of  pj , e.g.,  a “weak”  incident  shock  such  as 
Pl  = 1 kbar,  the  values  of  0 for  the  three-shock  solu- 
tion lie  within  the  0 interval  for  regular  reflection 
and  no  three-shock  solution  exists.  For  0 > 0^, 
Mach  reflection  occurs  through  more  complicated 
flows  as  discussed  earlier  for  Type  1 solutions.  Sim- 
ilar families  of  curves  for  y = 7.1 5 and  the  HOM 
equations  of  state  are  presented  in  Figs.  3.25  and 
3.26,  respectively.  These  differ  in  a qualitative 
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Fig.  3.20.  Calculated  pressure  ratios  at  OcHt as  a 
function  of  P]  in  water  with  HOM  equation  of 
state. 


Fig.  3.21.  pR/p i and  p^'/p j versus  u = (l-xat 
different  values  of  pj  for  water  using  the  S-  W equa- 
tion of  state.  RR'  is  the  locus  of  points  at  which 
regular  reflection  fails. 

manner  from  Fig.  3.24.  For  the  7-law  equation  of 
state,  there  exists  only  one  three-shock  value  of  wr 
for  each  oj  as  is  seen  in  Fig.  3.14,  a sample  calcula- 
tion for  pj  = 10  kbar.  For  the  HOM  equation  of 
state,  there  are  no  triple  point  intersections  at  all 
over  the  range  of  shown. 


IV.  COLUSION  OF  UNDERWATER  SHOCKWAVES 

A qualitative  theoretical  description  of  colliding 
spherical  shock  waves,  that  should  hold  for  chemical 


Fig.  3.22.  Pfjpj  and  pw>/pj  versus  u>  at  different 
values  of  pj  for  water  using  the  y-law  type  equation 
of  state  with  y = 7.15. 


Fig.  3.23.  PR/Pi  ana  Pw'/P;  versus  oj  at  different 
values  of  pj  for  water  using  the  HOM  equation  of 
state. 


detonations  of  explosive  spheres  in  water,  was  given 
by  Reines  and  von  Neumann  (9)  for  a nuclear  burst 
above  the  ground.  Experimental  work  on  the  col- 
lision of  underwater  shock  waves  dates  back  to 
World  War  II  (10,1 1,12,13)  and  is  summarized  by 
Cole  (14)  and  in  Ref.  2. 

Experiments  by  Colebum  and  Rostund 

A very  extensive  series  of  experiments  on  the 
underwater  collision  of  spherical  shock  waves  arising 
from  the  simultaneous  detonation  of  two  225  gram, 
6.33  cm  diameter  spheres  of  cast  pentolite  was  made 
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Fig.  3. 24.  Reflected  shock  angle  U3r  as  a function  of 
incident  shock  angle  co  for  fixed  values  of  pj  for 
water  using  the  S-  W equation  of  state. 


Fig.  3.25.  Reflected  shock  angle  ior  as  a function  of 
incident  shock  angle  u for  fixed  values  of  pj  for 
water  using  the  y -law  type  equation  of  state  with 
7=  7.15. 

recently  by  Colebum  and  Roslund  (15).  The  center- 
to-center  separation  distance  22  between  the  cen- 
trally initiated  spheres  was  varied  to  change  the 
incident  shock  pressures  pj  at  the  interaction  plane 
shown  in  Fig.  4. 1 . The  shock  waves  from  the  two 
spheres  collide  and  reflect  regularly  first  at  point  C 
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Fig.  3.26.  Reflected  shock  angle  <or  as  a function  of 
incident  shock  angle  u for  fixed  values  of  p ; for 
water  using  the  HOM  equation  of  state. 


puni  or 

SHOCK  WAVt 
COUISION  AMO 


Fig.  4. 1.  The  separated  charge  arrangement  and  a 
sketch  of  shock  wave  positions  at  the  point  of  Mach 
wave  formation  where  p = P^  (after  Ref.  15(a)). 


in  the  plane  of  symmetry  and,  thereafter,  at  in- 
creasing values  of  R as  the  shock  angle  p increases 
from  zero  to  P^.  For  p > (3^,  the  growth  of  the 
Mach  stem  is  clearly  seen  in  Fig.  4.2  traced  from 
shadowgraph  time  profiles  10.9  psec  apart  for  a 
charge  separation  2£  = 7.6  ag,  where  a0  = 3.165  cm 
is  the  explosive  charge  radius. 

In  Fig.  4.3  is  shown  a sequence  of  previously  un- 
published shadowgraphs  (16)  where  22  = 5.6aQ. 

(In  Ref.  1 5a,  Fig.  3a  is  erroneously  represented  as 
the  case  for  2£  = 5.6sq;  actually  the  shadowgraphs 
were  for  2£  = 7.6ag  (16).)  At  about  4.17/isec  after 
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Fig.  4.2.  Experimental  time  profiles  of  the  collision 
of  two  equal  spherically  expanding  underwater  shock 
waves  showing  Mach  wave  formation;  10.9  psec  be- 
tween successive  wave  fronts;  29.  = 7.6a0;  bubble 
motion  not  shown  (after  Ref.  15(a)). 


shown  in  §VI.)  The  subsequent  collision  of  the  two 
rarefaction  waves  produces  a region  of  cavitation 
seen  as  a growing  opaque  region  in  the  shadowgraph; 
this  region  grows  as  a symmetrical  disc  between  the 
bubbles. 

They  measured  0^,  and  the  Mach  stem  velocity 
along  the  plane  of  symmetry  of  Fig.  4.2  (i.e.,  the 
velocity  of  W along  the  wall  of  Fig.  3.6)  and  calcu- 
lated pw  along  this  plane  from  the  Hugoniot  for 
water;  the  experimental  pressures  P2  for  regular  re- 
flection 03  < /3crjt)  could  have  but  were  not  obtained 
from  the  shadowgraphs. 

In  Table  6.1,  the  experimental  values  of  pj  and 
Pw  at  the  observed  0^  for  different  experimental 
values  of  the  geometrical  scale  factor  2E/a0  are  given 
in  the  first,  fifth,  fourth,  and  second  columns,  respec- 
tively C 1 5a, c).  r,  a0,  2fi,  and  are  shown  in  Figs. 
4.1  and  4.2. 


Fig.  4.3.  Framing  camera  shadowgraphs  of  shock 
wave  interactions  from  separated  charges  with 
2t/a. 0=5.6  (16). 


initiation,  the  detonation  wave  reaches  the  explosive- 
water  interface  and  the  product  gas  bubble  begins  to 
grow  in  size  as  a shock  wave  is  transmitted  into  the 
water. 

Eventually,  the  shock  wave  from  each  charge 
reaches  the  explosion  bubble  of  the  other  resulting 
in  a rarefaction  wave  moving  from  the  interface  into 
the  water  and  a shock  wave  transmitted  into  the 
bubble.  (This  latter  shock  wave  cannot  be  seen  in 
the  opaque  products  but  its  calculated  motion  is 


Colcburn  and  Roslund  exployed  oblique  shock 
theory  to  calculate  the  value  of  from  experimen- 
tal curves  for  pj  versus  r/a0  for  r > C for  a single 
charge  (see  Fig.  4.1).  These  theoretical  values  of 
Pclit,  which  are  close  to  those  shown  in  the  seventh 
column  of  Table  6.1 , are  in  reasonable  agreement 
with  the  experimental  values  except  at  pj  = 1 .62 
kbar.  Their  theoretical  analysis,  limited  to  regular 
reflection  theory,  made  no  attempt  to  analyze  their 
experimental  results  from  the  point  of  view  of  Mach 
reflection.  This  will  be  done  below. 

From  the  discussion  of  §111,  it  follows  that  the 
transition  from  regular  to  Mach  reflection  is  of 
Type  1 for  all  of  the  incident  pressures  pj  of  Table 
6.1  when  the  S-W  and  HOM  equations  of  state  are 
used,  and  of  Type  1(11)  below  (above)  5 kbar  for  the 
7-law  type  equation  of  state.  The  results  from  shock 
polar  calculations  are  given  in  columns  7-19  of  Table 
6.1 , where  the  regular  reflection  and  Mach  stem  pres- 
sures, pR  and  pw'.  are  given  at  the  computed  shock 
angle  p^  for  different  values  of  the  experimental 
incident  shock  pressure  pj . The  pressures  pR , pp , , 
and  Pw'.  are  defined  in  Fig.  3.15; p^  is  the  pressure  at 
the  triple-point.  The  pR  lay  on  the  locii  RR'  of 
Figs.  3.21-3.23;  the  pw»  lay  on  the  locii  (not  shown) 
joining  the  upper  end  points  of  the  Mach  reflection 
curves  of  Figs.  3.21-3.23. 

Table  6,1  shows  that  the  values  of  P^t  in  this 
pressure  range  vary  little  between  the  S-W  and  HOM 
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6.5  5.1  3.1  36  46  0 7.1  33.96  47.50  37.59  26,39  31.33  51.80  38.66  26.89 

4.45  5.6  3.5  36  39.0  7.2  35.13  39.22  30.62  21.66  32.94  41.64  31.20  21.82 

4.60  6.1  3.8  37  34.0  7.4  36.35  32.59  25.23  17.88  34.55  33.84  25.43  17.85 

4.15  6.6  4.1  36  29.0  7.0  37.14  29.09  22.45  15.91  35.58  29.86  22.49  1S.83 

3.63  7.1  4.4  37  26.0  7.2  38.24  25.07  19,26  13.67  36.94  25.43  19.19  13.57 

3.17  7.6  4.8  3 8 24.0  7.6  39.4  2 21.57  16.49  11.73  3 8.36  21.63  1 6.36  11.61 

2.95  8.1  5.0  37  21.5  7.3  40.07  19.91  15.19  10.82  39.13  19.87  15.05  10.69 


1.62  11.1  7.3 


12.5  7.7  46.07  10.17  7.73  5.56  45.97  9.91  7.59  5.48 


20.50  30.09* 
17.30  24.68b 
15.40  21.85h 
13  23  18.60h 
11.36  15.7Sb 
10.47  14.40b 
5.39  6.46b 


a Backward-facing  reflected  shock. 
bForward-facing  reflected  shock. 


equations  of  state.  The  same  is  true  for  pw»,  pF, and 
pR.  Comparison  of  the  theoretical  0gjt  with  the  ex- 
perimental values  of  0^  of  Table  6.1  shows  only 
satisfactory  agreement.  The  theoretical  values  of 
pw>  from  the  S-W  equation  of  state  are  in  good  agree- 
ment with  the  experimental  values  pw;  the  HOM 
equation  is  not  as  good;  the  y-law  equation  is  un- 
satisfactory giving  values  of  Pvy'  that  are  too  low. 

With  the  y-law  equation  of  state,  the  von  Neumann 
simple  three-shock  solution  is  possible.  Careful  ex- 
amination of  enlargements  of  the  framing  camera 
shadowgraphs  fails  to  show  any  indication  of  a slip- 
line. If  the  slip-line  existed,  there  would  be  but  a 
very  small  difference  in  tangential  velocities  U2  and 
um  (of  Fig.  3.8)  across  the  slip-line.  For  example, 
for  pj  =6.5  kbar  (see  Table  6.1),  U2  = 0.3440  and 
um  = 0.3362  cm/psec,  giving  a relative  slip  velocity 
of  only  0.0078  cm/psec.  The  specific  volume  of  the 
doubly-shocked  water  is  0.730  cm3/g  while  that  of 
the  singly-shocked  water  is  0.787  cm3/g;  this  is  an 
appreciable  density  difference.  However,  it  is  felt 
that  light  rays  from  any  source  passing  through  the 
slip-line  would  not  reach  the  camera  lens  due  to 
the  bending  of  the  rays  at  the  curved  shock  (17). 
Therefore,  no  conclusion  can  be  drawn  just  from  the 
absence  of  slip-lines  from  the  shadowgraphs.  It 
should  be  noted  again  that  the  S-W  and  HOM  equa- 
tions of  state  do  not  yield  the  three-shock  solution 
and,  therefore,  would  not  show  a simple  slip-line 
through  the  triple  point. 


V.  UNSTEADY  FLOW  EQUATIONS 

For  axially  symmetrical  isentropic  continuous 
flow,  the  Euleiian  equations  for  the  conservation  of 
mass,  momentum,  and  energy  are,  respectively, 

DV/Dt  = V(9v/9Z  + 9u/9R  + u/R) 

Du/Dt  = -V9p/9R 
Dv/Dt  = -V9p/9Z 
DE/Dt  + pDV/Dt  = 0 , 

in  cylindrical  coordinates.  Here,  u and  v are  the 
fluid  velocities  in  the  directions  of  the  radial  coordi- 
nate R and  axial  coordinate  Z,  respectively,  and 

D/Dt  s 9/9t  + u9/9R  + V9/9Z . 

Let  the  Lagrangean  coordinates  R°  and  Z°  denote 
the  R and  Z coordinates  of  a small  fluid  element  at 
time  t = 0.  Then  the  position  of  that  same  fluid  ele- 
ment for  t > 0 is  given  by  R(R°,  Z°,  t)  and 
Z(R°,  Z°,  t).  The  continuity  equation  becomes 


V_  = R ( R,Z\ 

v°  ro  \r°,z °r 


where  J is  the  Jacobian  of  the  transformation.  It  is 
convenient  to  replace  R°,  Z°  by  a pair  of  arbitrary 
Lagrangean  coordinates  |(R°,  Z°),  r?(R°,  Z°)  since 


for  computational  purposes  it  may  be  more  desirable 
to  take  lines  other  than  R°  = constant  and  Z°  = 
constant  as  mesh  lines. 


The  system  of  equations  that  determines  the  flow 


is  now 

3u 

V°R/ 
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3P 
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3P 

3r\ 

3t  " 

J°R° 

[dr; 

Of  ' 

" Of 
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u - 3R/3t,  v = 3Z/3t 


Concentric  Circles  as  Coordinates 

For  the  spherical  charges  whose  centers  are  sep- 
arated by  a distance  2fi,  it  is  convenient  to  define  the 
Lagrangean  coordinates  £ and  r?  by  two  families  of 
concentric  circles,  one  about  each  sphere  as  shown  in 
Fig.  5.1.  The  families  of  concentric  circles, 

£2  = r02  + z02 

r?2  = R02  + (zO  - 2i)2  , 

have  their  origins  at  the  centers  of  charges  A and  A', 
respectively.  Therefore, 

Z°  - 8 + (l/4)(f2-i?2)/£ 


3R  3Z  3R  3Z 
3£  3t?  3i?  3£  ’ 

9R0  3Z°  3R°  3Z^ 

3£  3 17  3? 


V = V°JR/J°R° 


P = p + q 


R°  = U2-  [8  + (l/4)tt2-r?2)/«]2),/2. 

JO  = g2/f2  _ (2C2  _ |2  + T72)2]1/2  . 


J°  _►  _°o  ^ -tjI  2fi  or  £ + 17  -*•  2£,  i.e.,  along 
the  axis  of  symmetry  for  f # 0, 17  =£  0.  Furthermore, 
J°  does  not  approach  a uniform  limit  as  £ -*■  0 or 
77  -*•  0.  That  the  mapping  is  singular  on  the  axis  is 
expected  because  here  the  circles  £ = constant  and 
77  = constant  are  tangent  to  each  other.  However, 


3E/3t  + P3V/3t  - 0 , 


R°J°  = -(l/2)&i/£  < 0 , 


where  the  pseudo-viscosity  q,  introduced  into  the 
above  equations  by  replacing  p by  P = p + q,  is  de- 
fined by 


M = 


p°R°A2  ay  /o4P°R°A£  gy 


RV  3t 


R 


^-o3cmiXFj 


3V 

3t 


<0, 


and  q = 0 if  3V/3t  > 0.  Here,  F = 1 in  the  products 
and  (R°/R)1|/2  in  the  water,  <73  and  04  are  constants 
that  are  adjusted  to  give  the  desired  shock  “sharpness,” 
A£  is  a characteristic  mesh  width,  and  c,,^  is  the 
maximum  sound  speed  over  the  entire  flow  field  at  t. 
To  these  equations  must  be  added  an  equation  of 
state  for  each  different  fluid. 


except  at  the  charge  centers. 


Fig.  5. 1.  Two  families,  £ = constant  and  17  = constant, 
of  concentric  circles  (Lagrangean  coordinates);  one 
family  about  each  pentolite  sphere. 


P = P(E,  V)  . 
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VI.  NUMERICAL  SOLUTION  FOR  TWO 
SIMULTANEOUSLY  DETONATED 
EXPLOSIVE  CHARGES  UNDER  WATER 

The  water  and  explosion  products  are  partitioned 
into  a number  of  discrete  cells  formed  by  the  inter- 
section of  the  two  families  of  equally  spaced  concen- 
tric circles.  The  finite-difference  mesh  is  formed  by 
joining  the  intersections  of  Fig.  S.l  by  straight  lines 
as  shown  in  Fig.  6.1,  so  that  each  cell  is  constrained 
to  move  as  either  a quadrilateral  or  as  a triangle. 
Axial  cells  are  those  cells  (all  triangular)  having  the 
axis  of  symmetry  as  one  of  t...  boundaries;  all  other 
cells  (all  quadrilaterals)  are  interior  cells.  The  cen- 
ters of  the  two  charges  correspond  to  £ = 0 and 
r?  = 0,  respectively. 


All  flow  variables  are  computed  at  discrete  mate- 
rial particles  and  at  discrete  times.  The  particles  cor- 
responding to  the  £ and  17  coordinates  are  labeled 
with  indices  k and  2,  respectively;  time  is  labeled  with 
an  index  n.  The  variables  are  now  only  defined  at 
the  mesh  points  and  time  steps  as  follows: 


n+1/2 
uk,e  • 


R 


n+1 
k,8  ■ 


7n+l 

zk,2 


,n+l  Kn+1 

Jk,e  > bk+l/2, 8+1/2  > 


vn+l  n+1  ,,n+l/2 

vk+l/2, 8+1/2-  Pk+1/2,8+1/2-  9k+l/2, 8+1/2-  Here 
n + 1/2  and  n + 1 refer  to  “new”  values;  n - 1/2  and 
n refer  to  “old”  values.  The  actual  details  of  the 
finite-difference  method  used  to  calculate  the  mo- 
tion of  the  interior  and  axial  points  and  the  advance- 
ment of  the  solution  in  time  will  not  be  presented 
here. 


As  long  as  the  shock  wave  in  the  water  arising 
from  the  detonation  of  charge  A in  Fig.  4.1  does  not 
reach  the  plane  of  symmetry,  the  flow  is  one- 
dimensional. After  shock  reflection  has  occurred, 
a two-dimensional  flow  field  grows  as  shown  in  Fig. 
4.2,  This  flow  field  is  bounded  by  the  plane  of  sym- 
metry, the  axis  of  symmetry,  the  reflected  shock 
front,  and  for  Mach  reflection,  by  the  Mach  stem 
(18). 

The  simplest  method  for  computing  the  entire 
flow  field  would  be  to  construct  a two-dimensional 
axisymmetrical  unsteady  flow  code  and  use  it  to 
compute  both  the  one-and-two-dimensional  flow 
fields  at  each  time  step.  However,  it  is  clear  that  it 
is  wasteful  to  do  a two-dimensional  calculation  of  a 
one-dimensional  flow  particularly  for  the  shock  col- 
lision problem  dealt  with  here.  It  is  shown  schemat- 
ically in  Fig.  4.2  that  at  the  moment  of  shock  col- 
lision with  the  wall,  the  ratio  of  the  areas  of  the 
one-dimensional  to  the  two-dimensional  flow  is 
infinite,  thereafter  decreasing  until  it  reaches  zero 
at  the  time  at  which  the  Mach  stem  has  completely 
fused  with  the  incident  shock.  Because  this  ratio  will 
always  be  larger  than,  at  least,  4 for  all  flows  com- 
puted here,  it  was  considered  essential  to  couple  the 
one-dimensional  spherically  symmetrical  flow  to  the 
outer  edge  of  the  expanding  region  of  two-dimensional 
flow.  One  reason  for  the  present  choice  of  the  La- 
grangean  £,  77  coordinates  is  that  it  is  relatively  easy 
to  perform  tins  coupling.  This  arises  because  the  £ 
and  T7  coordinates  are  defined  in  exactly  the  same  way 
as  the  one-dimensional  £ coordinate  that  is  used  to 
calculate  the  one-dimensional  spherically  symmetrical 
flow. 


Fig.  6. 1.  Schematic  of  the  finite-difference  mesh 
corresponding  to  coordinates  shown  in  Fig.  5.1. 


Calculation  for  Separated  Charges 

In  a series  of  numerical  calculations  utilizing  the 
S-W  equation  of  state,  a0  was  held  constant  while  22 
was  varied  over  the  interval  3.0  < 22/a0  <11.1.  The 
initial  conditions  for  the  pentolite  products  are  calculated 
using  Taylor’s  similarity  solution  (1). 

As  an  example  of  the  flow  fields  calculated,  con- 
sider the  case  for  22/sq  = 5.625  with  kj  = 16,  where 
kjA£  = a0  and  A£,  At7  are  the  mesh  widths  with 
A£  = At?  = constant  over  the  entire  mesh.  There 
exist  91  (=  5.625  X 16  + 1)  £ coordinates  (concentric 
circles  at  t = 0)  about  the  center  £ = 0 of  charge  A 
that  Intersect  the  axis,  R = 0,  between  the  two  charge 
centers,  and  similarly  for  the  t?  coordinate  about  the 
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center  tj  = 0 of  charge  A'  (see  Fig.  5.1).  For  this  case,  times.  The  shock  front  is  identified  by  the  asterisk  * 

Fig.  6.2  (a)-(g)  displays  the  positions  of  the  various  plotted  at  the  center  of  a cell  wherevei  q>\0~2  kbar 

shock  fronts  as  functions  of  R and  Z at  different  and  is  a local  maximum  in  the  £ or  n direction. 


i 


In  (a)  and  (b),  regular  reflection  exists  and  three 
regions  are  found  as  expected.  These  are  the  ambient 
region  upstream  of  the  incident  shock,  the  region 
downstream  of  the  incident  shock,  and  the  region 
downstream  of  the  reflected  shock.  Mach  stem  forma- 
tion appears  to  occur  in  (c),  and  the  growth  of  the 
Mach  stem  is  shown  in  (d)-(g).  Because  of  the 
pseudo-viscosity  q,  the  shock  front  thickness  is  5 
cells  in  the  normal  direction  though  fewer  cells  are 
plotted  with  an  asterisk*. 

In  Fig.  6.2,  the  centers  of  the  two  charges  are  at 
Z = 0 and  Z = 2£  = 1 7.96  cm,  respectively.  The  only 
£ and  v coordinates  shown  are  the  producrs/water 
interfaces. 

The  shocks  and  the  interfaces  are  plotted  only  in 
that  region  of  the  R,  Z plane  where  the  flow  was 
found  from  the  solution  of  the  two-dimensional 
equations.  Note  that  the  region  upstream  of  the 
reflected  shock  is  a region  of  one-dimensional  flow 
(found  from  the  two-dimensional  calculation). 

For  a short  time  after  shock  collision,  the  two  re- 
flected shock  fronts  cannot  be  differentiated  clearly 
due  to  the  mutual  spreading  of  each  shock  front  into 
the  other  by  the  pseudo-viscosity  as  seen  in  Fig.  6.2(a). 
By  the  time  corresponding  to  (b),  the  reflected  shocks 
can  be  differentiated  clearly.  In  (c),  th-.  reflected 
shock  has  just  reached  the  products/water  interface 
on  the  axis. 

In  all  calculations  presented  here,  no  provision  is 
made  for  “slippage”  of  the  water  along  the  product/ 
water  interface.  As  the  expanding  bubbles  must 
force  the  water  out  as  the  bubbles  approach  each 
other,  the  cells  near  the  axis,  R = 0,  become  elon- 
gated in  the  R direction.  With  respect  to  the  Mach 
stem,  its  curvature  is  positive  and  largest  in  the  early 
phases  of  growth  and  tends  to  decrease  with  time. 

In  order  to  visualize  the  calculated  pressure  field, 
it  is  convenient  to  print  an  approximate  value  of  p 
at  the  center  of  the  quadrilateral  for  interior  cells 
and  at  the  midpoint  of  the  base  of  the  triangle  for 
axial  cells.  In  this  case,  an  integer  expresses  the 
pressure  in  kilobars  to  the  nearest  half  ldlobar,  e.g., 
a 7 represents  7 ± 0.5  kbar;  the  letters  A,  B,  C, ...  are 
used  to  denote  the  pressures  10, 1 1, 12, ...  kbar, 
respectively.  The  change  in  density  of  the  expanding 
products  and  the  compressed  water  can  be  inferred 
from  the  change  in  spacing  between  the  numerals 


with  time.  This  is  particularly  noticeable  in  the 
products.  Pressures  are  printed  only  for  every  other 

cell. 

Though  not  shown  here,  comparison  of  the  experi- 
mental reflected  and  Mach  shock  configurations  and 
the  products/water  interfaces  from  the  available 
shadowgraphs  (1 5,16)  (such  as  Fig.  4.3)  with  the 
calculated  configurations  (such  as  Fig.  6.2)  for 
22/a0  = 5.1 , 5.6,  and  6.6  showed  good  qualitative 
agreement  at  corresponding  times.  This  was  made 
by  overlaying  the  shadowgraph  enlargements  (which 
are  mylar  transparencies)  onto  the  corresponding 
Gould  plots.  The  regions  of  cavitation  are  also  in 
reasonable  agreement. 

Ink  tracings  of  the  calculated  shock  configurations 
at  different  times,  made  from  the  Gould  plots,  are 
shown  superposed  in  Fig.  6.3  for  2C/a0  = 5.625. 

Colebum  and  Roslund  (15)  published  the  experi- 
mental values  of  the  shock  pressure  on  the  plane  of 
symmetry  as  a function  of  R/Rq  for  values  of  2C/a0, 
where  Rq  = 21/3a0  is  the  radius  of  a fictitious  single 
pentolite  charge  of  double  the  mass,  i.e.,  of  450 
grams;  these  are  shown  in  Fig.  6.4.  However,  use  of 

R/Rq  = 2-4/3(2fi/a0)  tan  0 


«/.„ 


Fig.  6.3.  Reflected  shock  and  Mach  stem  configura- 
tions at  different  times  for  2i/a0  * 5.6225  with  the 
S-W  equation  of  state. 
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Fig.  6.4.  Underwater  shock  wave  pressure  p j versus 
R/R0  curves  from  a single  pentolite  sphere,  mass 
2Mj;  and  pw  versus  R/R0  from  separated  twin 
pentolite  spheres,  each  of  mass,  Mj.  21/ a 0 is  the 
dimensionless  separation  distance  between  the  twin 
spheres  (after  Ref.  15(a)  and  (c)). 

orR/Ro  = 2-I/3[(r/a0)2  - (22/a0)2/4] 1/2 

(see  Fig.  4.1)  and  the  experimental  data  in  Table  6.1 
defines  MM',  the  locus  of  points  at  which  the  Mach 
stem  forms.  Thus,  the  curves  below  MM'  represent 
Mach  stem  pressures,  p^ ; the  curves  above  MM'  are 
fictitious  and  should  be  replaced  by  lower  pressure 
curves  corresponding  to  regular  reflection.  The  latter 
will  be  published  elsewhere. 

Returning  to  the  numerical  calculations,  it  is  found 
that  the  reflected  shock  pressure  p2  on  the  plane  of 
symmetry  (see  Fig.  4.1)  is  calculated  accurately  for 
regular  reflection.  At  any  time  t,  the  calculated  one- 
dimensional  pressure  distribution  is  extrapolated  in 
the  In  p vs  r plane  to  the  point  of  maximum  q,  yield- 
ing r,  0(r),  and  pj  (r).  Oblique  shock  theory  yields 
p 2 (=pR  of  Fig.  3.21).  This  value  compares  well  with 
that  obtained  by  similarly  extrapolating  the  pressure 
distribution  along  the  plane  of  symmetry  found  from 


the  numerical  calculations.  However,  the  numerical 
scheme  cannot  follow  the  discontinuous  increase  in 
pressure  (see  Fig.  3.21)  at  the  onset  of  Mach  stem 
formation.  This  discrepancy  is,  no  doubt,  due  to  the 
smearing  of  the  shock  by  the  pseudo-viscosity  which 
is  much  more  effective  in  decreasing  (and,  therefore, 
falsifying)  the  pressure  of  the  decaying  Mach  stem 
than  the  pressure  of  the  decaying  one-dimensional 
spherical  shock  front.  This  follows  from  the  fact 
that  the  calculations  indicate  that  the  pressure  gra- 
dient just  behind  the  Mach  stem  is  much  steeper  than 
behind  the  spherical  shock  in  accord  with  Shanes’ 
experimental  results  (13).  As  the  Mach  stem  grows 
with  increasing  R/R<),  the  calculated  shock  prr  ■’•ires 
pw  approaches  more  closely  the  experimental  values. 
Finer  mesh  calculations  will  be  used  to  calculate 
more  accurately  the  Mach  stem  and  triple  point 
pressure. 

Screening  Effect  of  Gas  Bubble 

Shanes  (13)  had  shown  that  the  reflection  of  the 
shock  wave  from  one  charge  off  the  product  gas 
bubble  of  the  other  had  the  “screening”  effect  of 
delaying  the  arrival  of  the  shock  from  the  other 
charge.  The  experimental  shadowgraphs  (16)  shown 
in  Fig.  4.3  show  the  rarefaction  wave  interaction. 

The  shock  in  the  products  cannot  be  observed  ex- 
perimentally. The  plots  of  the  numerical  solutions 
given  in  Fig.  6.2  show  that  the  shock  in  the  expand- 
ing products  lags  behind  the  shock  in  the  water.  The 
strong  rarefaction  wave  downstream  of  each  reflected 
shock  slows  down  the  reflected  shock.  While  not 
shown  here,  the  reflected  shock  in  the  water  diffracts 
around  the  expanding  bubble.  Hence,  pressure  meas- 
urements on  the  axis  of  symmetry  see  a delayed 
arrival  of  the  shock  front  from  the  other  charge 
(i.e.,  reflected  shock). 
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THE  PROBLEM  OF  A STRONG  POINT  EXPLOSION  IN  A COMBUSTIBLE  MEDIUM 


Shmuel  Eidelnun,  Yaakov  M.  Timnat  and  Alexander  Bur  cat 
Department  of  Aeronautical  Engineering 
Technion  -Israel  Institute  of  Technology 
Haifa,  Israel 


The  problem  of  a strong  point  explosion  in  a combustible  medium  is  solved  for 
three  different  functions  describing  the  additional  energy  released  by  the  burning 
medium.  The  efficiency  of  the  system  in  energy  related  parameters  is  compared 
to  a standard  strong  explosion  in  a non  combustible  medium. 


INTRODUCTION  Eb  on  the  shock  wave  parameters  and  the  motion  of 

the  gas  behind  the  shock  wave,  were  also  studied. 

The  strong  point  explosion  problem  was  discussed 
by  Sedov  (1)  and  by  Taylor  (2),  who  related  it  to 

very  intense  energy  sources  such  as  atomic  blasts.  BASIC  ASSUMPTIONS 


The  classical  solution  presented  by  Sedov  (3)  was 
diversified  to  include  additional  parameters  as  re- 
ducing the  intensity  of  the  initial  energy  to  take  into 
account  the  counterpressure  of  the  atmosphere  (4,5). 

Korobeinicov  investigated  the  strong  point  ex- 
plosion in  a gas  with  a variable  density  (6,7),  in  a 
moving  gas  (8),  in  an  electrically  conducting  gas  (7), 
and  together  with  Levin,  he  investigated  the  strong 
point  explosion  in  a detonating  gas  (9,10,1 1).  The 
point  explosion  with  a variable  energy  was  investi- 
gated by  Dabora  (12,13)  and  by  Freeman  (14). 


A.  The  Conservation  Equations 

The  problem  starts  as  a point  explosion  in  a sta- 
tionary combustible  medium.  When  t = 0 at  the 
starting  point  r = 0,  a strong  explosion  releases  an 
amount  of  energy  Eo-  The  explosion  causes  a strong 
shock  wave  to  travel  in  the  combustible  medium.  Be- 
cause of  the  shock  wave’s  strength,  the  local  pressure 
can  be  neglected,  thus  taking  Pj  = 0. 

The  shock  wave  causes  combustion  to  occur  in  the 
region  where  it  has  passed. 


A very  thorough  and  systematic  investigation  of 
the  problems  of  similarity  in  blast  waves  and  detona- 
tion waves  was  conducted  by  Oppenheim  and  co- 
workers (15,1 6,1 7). 

This  study  deals  with  the  problem  of  a strong 
point  explosion  that  occurs  in  a combustible  medium 
which  is  ignited  by  the  blast  wave.  An  amount  of 
energy  Eb  is  liberated  by  the  combustible  medium. 
The  efficiency  of  using  solely  the  energy  of  the  point 
explosion  or  of  a combination  of  Eo  and  Eb  is  in- 
vestigated. The  influence  of  the  additional  energy 


The  basic  conservation  equations  for  a one  dimen- 
sional problem  with  a spheric  symmetry  are: 


3 p 9V  3 p 2 pV 

— + n— +V  — + — = o 
3t  ^ 3r  dr  ' 


~ = 0 (1) 


conservation  of  mass 


(2) 


conservation  of  momentum 
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p,C2  = p2(C-V2)2  + P2 


(5a) 


3 

( , V2> 
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, / pV2V 

at 

r + pt  J 

1*871' 

! r T/J 

3(PV)  2V  / 

ST  + T r 


pVz 

+ - — - + p 
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conservation  of  energy 


In  Gq.  (3)  the  right-hand  term  describes  the  rate  of 
heat  release  in  the  combustion  process.  The  medium 
is  assumed  to  be  an  ideal  or  a pseudo-ideal  gas  and 
therefore  P = pRT. 

The  internal  energy  for  the  combustible  mixture 
will  be  e - P/ [(-y  - l)p]  + constant. 

Equation  (3)  can  be  represented  in  a different 
form  using  Eq.  (1)  and  assuming  y = constant: 

Equations  (1),  (2),  and  (3a),  will  serve  as  the  con- 
servation equations. 

B.  The  Boundary  Conditions 

The  boundary  conditions  across  the  shock  wave 


2 C2  + Q = Y (C - V2)2  + (— f)~-  (6a) 


The  energy  equation  of  the  boundary  can  be 
transformed: 


Q-6=i)5t--v‘c 


and  solving  for  V2  one  gets 

1/2 

C + C(l  (T*-l)) 

v’  - — TH <6' 

The  negative  sign  solution  of  V2  has  no  physical 
meaning  since  at  Q = 0,  V2  = 0.  Thus  one  can  write 
the  following  boundary  conditions 


v C(1  + K) 

V2  ~ (7+  1)  ’ p2" 

PlC2(l  + K) 

7 + 1 


Pl(7+  1) 

7 - K 


Pj(C-Vj)  = P2(C-V2) 

(4) 

&*-■>)  • 

conservation  of  mass 

p,(C-V,)2  + Pj  = p2(C-V2)2  + p2 

(5) 

conservation  of  momentum 

SOLUTION  OF  THE  PROBLEM 

^(C-v')J  + (Trk,Q 


■7<C-V=>J*(7%I  (6) 

conservation  of  energy 

Since  initially  Vj  = 0 and  Pj  = 0 the  equations  will 
be  simplified  to 

PjC  = p2(C-V2)  (4a) 


The  parameters  defining  the  problem  are  y,  r,  t, 

Q,  E0,  Pj  = 0,  p j , Vj  = 0.  Q can  be  presented  as  a 
function  of  the  time  and  the  distance  including  a 
dimensional  constant  Z: 

Q = Lp(r,  t)  - 

Then  the  new  system  of  parameters  defining  the  flow 
will  be:  7,  r,  t,  Z,  Eq,pj.  In  this  parameter  system 
there  are  three  dimensional  constants  Z,  E0  and  pj 
with  independent  dimensions.  If  the  dimension  of  Z 
is  defined  through  those  of  E0  and  pj  the  problem 
will  be  self-similar  (3).  In  this  case  in  dimensionless 


coordinates,  all  dimensionless  terms  will  depend  on 
two  parameters  only:  y and  X,  where 

X = 0»,/E0),'5r/tVS  . (8) 

It  can  be  shown  (18)  that  for  a point  explosion 
with  spherical  symmetry  three  of  the  simplest  defini- 
tions of  Q matching  the  problem  are 

Q|  = Z ,/r»  ; Q2  = Z2/t»-2  ; Q3  = Z3r/t>-6  . (9) 

These  models  were  chosen  because  a)  they  are 
simple  enough,  and  b)  they  represent  a specific  heat 
release  rate  which  is  dependent  solely  on  the  distance, 
on  the  time  and  approximately  on  the  gas  velocity 
respectively.  The  constants  Zj , Z2,  Z3  will  be  related 
to  P}  and  E which  itself  is  related  to  E0  through  a 
dimensionless  constant  a 

E0  = ajEj  i=  1,2,3.  (10) 


z,  - «.(*{)  z,  = fc(^)  Z3  . . 


The  energy  equation  can  therefore  be  written  as 


i-  1.2,3  (11) 


where  B{  is  defined  as  dQ/dt: 


Bj 


B2  - -1.2/M 


'E\l/5 

B3  » -(h'jf)  (l,6rt-2  «-Vt-‘  «) 


A.  The  Differential  Equations  of  Motion  in  the  Self 
Similar  Coordinates  System 

The  subscript  1 has  denoted  till  now  the  variables 
and  the  gasdynamic  functions  before  the  shock.  The 
subscript  2 will  define  the  variables  and  gasdynamic 
functions  after  the  passage  of  the  shock  wave  but 
very  close  behind  it.  A set  of  dimeiisionless  gas- 
dynamic flow  functions  f,  g,  h is  defined  as  follows: 

f = V/V2  ; g = p/p2  ! h = P/P2  (13) 

f,  g,  and  h depend  on  the  dimensionless  variable  X, 
defined  by  Eq.  (8).  The  equation  of  the  shock  wave 
motion,  r2(t)  is,  therefore,  found  without  solving  the 
gas  motion  equation: 

r2(0  = X2(E,t2/pi)1/5  i - 1.2,3  (14) 

where  X2  is  a constant  different  from  zero.  Assuming 
that  X2  = 1 , X will  change  in  the  interval  0 < X < 1 
and  will  get  the  value  1 on  the  shock  wave.  Therefore, 
X = r/r2.  Thus  the  equation  of  motion  of  the  shock 
wave  will  be: 

r2(0  = (Ej /P!)1/5t2/5  . (14a) 

By  differentiating  it  one  obtains  the  shock  speed 


= dJl=l(h)  t-3/5=i(M 

dt  5\Pi)  S\pJ 


x r;3/2  =2  1. 

2 5 t 


Using  Eqs,  (1),  (2),  and  (1 1),  the  nondimensiona! 
variables  f,  g,  h and  the  boundary  conditions  as  stated 
in  Eq.  (7)  and  taking  into  account  Eqs.  (14a)  and 
(IS),  one  arrives  at  a set  of  three  first  order  non- 
linear ordinary  differential  equations  (18). 

The  energy  equation  will  be: 

(f(l  + K|)  - (7+l)X)h'  + yh 


, 2(1  + Kj) 

: f'(l  +Ki)  + L f 

A , 


-3(7+  l)h  - Lj 


'ill  > _ 

iq  + ! A 


(7  + l)f 


Xh  + Mj  = 0 i = 1,2,3.  (16) 

Concluded 

Consequently  the  mss  and  momentum  equations 
will  be 


,p4S,„!ma]I 


♦!<  8(f~X)  * 0 1 “ '•  2-3 


<T*  1 )Xl  -Ki)., 

— J«f  * -j-t 


-7(7*  Dfg*  L|4 


M1  ~ ~A  P\ 


75  „ (7+  0 Hi- l)  , 1 


(7-K,) 


u _ 75  (7+  1)3(7-  1) 

2 ” 4 ^ (K2+l)(7-K2)  8 

25/}3(7+l)2(7-D 
M3=  (K3  + l)(7-K3) 


X X(7+0  - 


f(K3  + I) 


, _ dKl  75  1 

L‘  “ dX  4K,  0l(T  1}  \4 


dK, 

L,  = — - = 0 

2 A\ 


L3=15T=-4f3^2-0 


The  boundary  conditions  of  this  set  are  X = 0 at  the 
center  of  symmetry  and  f(0)  = 0.  On  the  shock  wave 
X=  1 ; f(l)  — 1 ;g(l)=  1 and  h(l)  = 1.  Xis  varied  in 
the  range  0<X<  1. 


' , 7+1  h(7  - Kj) 

xr-i^T8fX+  OqTT)J=0 


i = 1,2,3 


where  h',  f*  and  g'  are  the  derivatives  of  h,  f,  and  g 


■ i dh  ,,  df  , i ^8 

h =5x;  f =dk  anJ  8 =dT 


Also  Kj,  Mj,  and  Lj  are  defined  in  the  following  form 


Kj  = [1  - (25/2)0,  X”3(t2  “ 1)1 1/2 


K2  = (1  -(25/2)02(72-l)],/2 


K3  = [1  - (25/2)03X(72  ” 0] 1/2 


B.  Calculation  of  the  Coefficient  oq 

The  Eqs.  (16)  to  (18)  are  not  dependent  on  E0  but 
the  dimensional  variables  depend  on  E}  as  expressed 
in  Eqs.  (14)  and  (15). 

From  the  assumption  Vj  = 0 and  Pj  = 0 it  follows 
that  Et  - the  total  energy  of  the  gas  behind  the 
shock  wave  equals  the  explosion  energy  E0  and  the 
combustion  energy  Eb. 


r'2  pv2  „ 

Ej  = EQ  + E^  = 4tt  I - y r2  dr  + 4rr 


X f*2  — ~T  r2  dr 

J 0 7-1 

Eb  = 4n  pQr2  dr 

J n 
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Ebi  is  transformed  to  self  similar  coordinates  using 
Eqs.  (9)  and  (9a) 


rl  gX3 

= 47r(7+l)03E3  J (^TjQdX.  (23) 

Ew  will  now  be  related  to  E;  through  another 
dimensionless  coefficient  aw  defined  by 


The  values  of  oq  can  be  found  after  the  integration  of 
Eqs.  (16)  to  ( 18)  and  after  finding  the  values  of  f,  g, 
and  h. 


C.  Solution  of  the  Point  Explosion  Self 
Similar  Problem 

In  order  to  solve  the  system  16  to  18  one  first 
integrates  the  energy  Eq.(16),obtaining(18): 


7 - 1 
7-Kj 

(Kj  + 1) 

_X  (7+1)  f_ 

(Kj  + 1) 

\ (Ki+1)  rl 

/^/  V 

(26) 

where  i = 1 , 2,  3 


where  Dj  is  given  by 


(7+ l)2  „ (l-K?)(7+l)g 

1 ' C2  8°i'  2(7-1) 


(27) 


Ebl  = abiE,  i=  1,2,3.  (24) 


Transforming  the  r.h.s.  of  Eq.  (22)  into  self  similar 
coordinates  one  gets  the  following  equation  for  oq 


1 67T  / 1 

= 25(7+1)  1 


gf2d+  Kj)2 

2(7 -Kj) 


Thus  the  order  of  the  system  is  reduced  from  3 to  2 
Now  one  has  to  solve  a simpler  set  that  consists  of 
Eqs.  (17)  and  (18)  and  the  algebraic  Eq.  (26).  This 
set  has  no  analytical  solution  since  it  contains  two 
nonlinear  differential  equations  with  variable  coef- 
ficients. Therefore  one  must  resort  to  numerical 
integration. 


D.  The  Numerical  Integration 


h(  1 + Kj) 

+ — j — 

7 1 


X2  dX  - aw 


i = 1,2,3.  (25) 


Equation  ( 1 8)  will  be  solved  for  h'  and  the  solution 
will  replace  h'  in  Eq.  ( 1 6).  After  solving  ( 1 6)  for  f ' 
one  gets: 


f'  = 


^(7+l)fg  - Lj 


7+1  h(7-Kj) 

gf2  ~ v~n  + 


Kj  + 1 


Kj  + 1 


[f(K,+  l)-(7+l)X] 


(f(Kj  + 1)  - (7  + 1)X]  'g  - 7h(Kj  + 1)(7  - Kj) 

f Vy  + 1 1 2yh(Kj  + 1)  ) 

(7-Kj)  |3(7+l)h  + L,h  X - (7+l)fJ f - 


[f(Kj  + l)  -(7+l)X]2g  - 7h(Kj+l)(7-Kj) 


(18») 


where  i = 1,2,3 
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and  Eq.  ( 1 7)  will  be  solved  for  g' 


(M0  f,  + f 


(7+1) 

g + ^ 2(r-Kj) g(f  x) 


.(7+1)  (*i+1) 

X 2 2 f 
where  i = 1,2,3 


(17a) 


7 was  taken  as  1 .4  in  most  calculations,  but  for 
special  cases  (where  0j  = 0.01 5, 02  = 0.04  and  03  = 
0.03),  it  was  taken  as  1 .2, 1 .3, 1 .5,  and  1 .6.  The 
value  of  cty  was  also  calculated  from  Eq.  (29). 


RESULTS 


where  1^  was  defined  in  Eq.  (21),  and  Mj  in  Eq.  (20). 
These  two  equations  and  Eq.  (26)  are  a set  to  which 
Eq.  (25)  will  be  added  in  a differential  form  in  order 
to  be  able  to  compute  the  coefficient  oq 

' _ 16n 

" 25(7+1) 


gf^Ki+l)2  h(K,+  l) 


2(7 -Kj) 


7 - 1 


X2  ay 
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abl  = 4ff(7+  1)01  fpY 


)X 


gX2 


«b2  = 4*<7  + Dh  oFig 


gX3 


= 4^(7+  1)03 


y-  (29) 


The  differential  Eqs.  (17a),  (18a),  and  (28)  are 
solved  by  the  Runge-Kuta  method.  For  the  solution, 
double  precision  was  used  (on  an  IBM-370/ 168)  since 
the  size  of  g(A)  declines  quickly  to  zero.  At  the  same 
time  the  algebraic  Eq.  (26)  was  solved,  performing 
the  calculation  for  the  three  energy  release  models. 


The  Results  for  Model  No.  1.  Qj  = 01(E1/p1)r“3 

The  value  of  the  additional  energy  liberated  by  the 
burning  medium  is  equivalent  to  2.5%,  and  1 1%  of 
the  total  energy  liberated  for  0j  = 0.0035  and  0.01 5 
respectively.  This  model  is  very  sensitive  to  the  addi- 
tional energy  released  ( 1 8).  However,  it  also  shows 
discontinuities  that  approach  the  shock  wave  with 
the  increase  of  0j . 

The  Results  for  Model  No.  2.  Q2  = 02(E2/p1)2/5t“1,2 

These  are  shown  in  Figs.  1 , 2,  and  3 which  represent 
the  relative  density  g(X),  gas  velocity  f(X),  and  pressure 
h(X)  for  different  values  of  02.  02  --  0 represents  the 
Sedov-Taylor  model  as  a reference.  The  different 
values  calculated  are  listed  in  Table  1 . 

The  values  of  02  could  be  changed  between  zero 
and  0.083.  At  02  > 0.083,  K2  gets  an  imaginary 
value.  Negative  values  of  02  mean  that  the  energy  is 
dissipated  according  to  the  same  Eb2  function. 

In  Figs.  1 , 2,  and  3 it  can  be  seen  that  the  release 
of  energy  according  to  Q2  brings  to  a big  increase  in 
the  functions  of  the  density  g(A)  and  the  gas  velocity 
f(X). 

The  increase  of  g(X)  (Fig.  1)  is  connected  with  the 
decrease  of  p2  when  the  energy  Eb2  is  increased.  The 
functions  have  the  same  shape  for  every  02.  This  is 


TABLE  l 


Values  of  the  Energy  Coefficients  a2  and  ab2  at  y - 1.4 


h 

0 

0.01 

0.023 

0.04 

0.06 

0.07 

0.072 

a2 

0.85 

0.78 

0.68 

0.54 

0.37 

0.255 

0.22 

ab2 

0.0 

0.042 

0.097 

0.168 

0.25 

0.293 

0.30 

Ej,  as  % of  E^. 

0% 

5% 

13% 

23.5% 

40% 

53.4% 

58% 

Eq  as  % of  Ej. 

100% 

95% 

87% 

76.5% 

60% 



46.6% 



42% 
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Fig.  1.  Graphs  of  g(\),  the  dimensionless  density  for 
various  fall  - 1-4). 


Fig.  2.  Graphs  of  ffh)  the  dimensionless  gas  velocity 
for  various  0 $(y  - 1.4). 


right  also  for  f(X)  (Fig.  2),  up  to  02  = 0.06.  Here  the 
energy  starts  changing  (more  so  at  02  ~ 0-07)  in  dis- 
favour of  the  liberation  of  additional  energy.  The 
heating  of  the  gas  on  account  of  the  liberation  of 
additional  energy  is  considerable,  and  this  is  the  cause 
for  the  increase  of  the  relative  velocity. 

The  fact  that  the  increase  of  velocity  is  favoured 
in  the  region  0.5  < X < 0.9  can  be  explained  by  the 


Fig.  3.  Graphs  of  h(\),  the  dimensionless  pressure  for 
various  02(y  ~ 1.4). 


fact  that  the  volume  drops  with  X -+  0 faster  than  the 
heat  is  liberated  according  to  Q2. 

The  shape  of  h(X)  does  not  change  with  the  in- 
crease of  02-  The  relative  pressure  diminishes  as  02 
increases  and  the  region  of  steady  pressure  is  short- 
ened. When  the  additional  energy  is  increased  (02 
increases)  the  region  where  the  pressure  is  high, 
widens. 

The  Results  for  Model  No.  3.  Q3  = 03(E3//>1)1/5r/t1  6 

These  are  presented  in  Figs.  4,  5,  and  6 for  h(X), 
f(X),  and  g(X).  The  values  of  a3  and  ab3  are  listed  in 
Table  2. 

In  the  three  figures  it  can  be  seen  that  the  change 
caused  by  this  model  from  the  standard  reference  of 
Sedov-Taylor  (03  = 0)  is  even  greater  than  that  caused 
by  Model  No.  2.  For  this  purpose  in  each  of  the  three 
Figs.  4,  5,  and  6,  beside  the  reference  line  of  0 = 0 a 
comparison  line  of  02  = 0.72  is  brought.  This  value 
has  the  same  percent  of  additional  energy  as  03  = 0.8, 
and  therefore  both  lines  are  directly  comparable. 

Thus  the  influence  of  the  Qs  function  on  the  relative 
parameters  h(X),  f(X)  and  g(X)  are  clearly  delineated. 

It  is  known  that  y changes  during  the  explosion 
reaction  and  that  the  explosion  can  occur  in  gases 
where  y is  different  from  1 .4.  Therefore  certain 


Pig.  4.  Graphs  of  h(\),  the  dimensionless  pressure  for 
various  Pjfy  = 1.4). 


Fig.  5.  Graphs  off(\),  the  dimensionless  gas  velocity 
for  various  Qjfy  = 1.4). 

values  of  pi  were  taken  for  the  three  models  and  y 
was  varied  between  1 .2  and  1 .66. 


When  integrating  for  various  y values  of  the  Q2 
model,  it  was  found  that  depends  on  02  only  and 
does  not  change  with  y.  This  can  probably  be  ex- 
plained, because  while  integrating  the  function  of  ab2 
the  result  does  not  include  y.  This  is  not  the  case 
with  the  Qj  and  Q3  models. 


Fig.  6.  Graphs  of  g(\ ),  the  dimensionless  density  for 
various  p3(y  - 1.4). 

TABLE  2 


Values  of  a 3 and  a b3  at  y = 1.4 


h 

0 

0.05 

0.08 

“3 

0.85 

0.51 

0.2 

0.13 

ab3 

0 

0.19 

0.29 

0.29 

Eb3  as  % of  Ef 

0% 

27% 

59% 

70% 

E0  as  % of  Ej 

100% 

73% 

41% 

30% 

In  general  it  can  be  stated  that  the  functions  g(X), 
h(X),  and  f(X)  are  more  sensitive  with  the  changing  of 
y but  their  shape  remains  unchanged. 

DISCUSSION 

In  order  to  be  able  to  compare  the  gasdynamic 
flow  in  the  Sedov-Taylor  model  and  the  one  presented 
here,  a problem  where  the  whole  energy  is  caused  by 
the  explosion  only,  is  compared  with  models  where 
the  amount  of  the  explosion  energy  is  decreased  and 
the  amount  of  the  energy  released  through  combustion 
is  increased  so  that  the  sum  will  be  equal  to  the  energy 
released  by  the  Sedov-Taylor  problem. 

In  Fig.  7 the  change  of  ab2  as  a function  of  the 
radius  and  different  02  is  shown.  For  comparison 
o2(X)  at  02  = 0.06 S is  also  presented. 
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Fig  7.  Graphs  of  ab2(V  for  various  §2h  = 1-4). 

A look  at  Fig.  7 reveals  that  90%  of  Ej,  liberated  is 
concentrated  within  1 5-20%  of  the  shock  wave  radius 
and  varies  with  different  02.  It  starts  immediately 
after  the  shock  wave  (where  X = 1 ) and  continues 
inward.  For  comparison,  90%  of  the  explosion  energy 
expands  within  55%  of  the  shock  wave  radius.  This 
presentation  shows  that  the  above  model  can  very 
well  represent  explosions  in  a combustible  medium 
where  combustion  occurs  after  the  shock  wave  and 
continues  close  to  it. 

In  this  work  the  combustible  medium  was  assumed 
to  be  homogeneous.  However,  if  the  medium  is  an 
aerosol  or  some  other  kind  of  two  phase  medium,  p 
can  be  represented  by  some  weighted  function  that 
will  show  the  equivalent  density  of  the  .erosol. 

The  results  obtained  can  be  used  to  represent  the 
first  stages  of  an  explosion  caused  in  a combustible 
medium  by  a laser  (7,1 3).  They  also  represent  a very 
good  approximation  for  the  first  step  of  the  problem 
treated  by  Korobeinicov  and  Levine  of  the  strong 
point  explosion  in  a detonating  gas  (9,10,1 1),  since 
they  have  calculated  only  the  detonation  parameters, 
disregarding  what  happens  before  the  detonation 
starts. 

This  model  has  a few  advantages  over  other  models 
presented  by  Freeman  ( 1 4)  and  Dabora  (12).  The 
model  presented  in  these  cases  was  E = Wt^  where  0 
varies  between  0 and  5. 


The  present  model  takes  into  consideration  th<* 
starting  explosion  energy  E0.  **  ?bo  enables  to 
change  the  ratio  between  E0  and  E^.  And  finally  the 
energy  spread  behind  the  shock  wave  is  closer  to 
reality  where  there  exists  a longer  burning  period,  if 
the  medium  contains  an  aerosol  that  burns  slowly. 

In  this  work  we  have  followed  Sedov’s  (1)  example, 
and  plotted  relative  parameters  f,  g,  and  h.  However, 
since  by  taking  a relative  parameter  one  divides  V by 
V2,  p by  p2  and  P by  P2  and  since  P2,  p2  and  V2  are 
variables  themselves,  it  is  impossible  to  get  from  the 
plots  a direct  size  comparison.  In  order  to  be  able  to 
do  so,  one  must  divide  by  a constant  value  such  as  Pt , 
Pj  and  Vj.  However,  this  is  impossible  with  Pi  and 
Vi  since  they  are  equal  to  zero.  For  comparison 
gt  = p/pj  has  been  plotted  for  a few  values  of  02  and 
03  in  Fig.  8.  It  must  be  mentioned  that  02  = 0.072 
and  03  = 0.08  both  give  approximately  the  same  per- 
cent of  additional  energy  and  so  do  03  = 0.045  and 
02  = 0.04. 


Fig  8.  Graphs  of  g/(\),  the  dimensionless  density  for 
various  02  and  (S^i  = 1.4). 

Calculation  of  the  Energetic  Efficiency 

The  calculation  of  the  efficiency  should  give  an 
answer  to  the  question  whether  it  is  preferable  to  ex- 
plode the  charge  at  t = 0,  or  to  explode  at  t = 0 only 
a part  of  this  material  and  liberate  the  rest  of  the 
energy  through  the  combustion  as  Ey. 

The  self-similar  solution  of  the  problem  is  not  de- 
pendent on  a specific  E0.  Therefore  one  must  exchange 
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the  nondimensional  coordinates  for  the  natural  coordi- 
nates of  the  problem.  For  this  case  one  performs  the 
computations  for  a specific  energy  of  explosion  in  a 
medium  with  a density  pt , 

The  density  p\  = 0.00125  gr/cc  is  taken  equal  to 
the  density  of  air  and  E0  as  the  energy  released  in  the 
New  Mexico  atomic  explosion  of  1945  (19). 

E0  = 7.16 X 1020  erg  = 7.16X  1013  joule 
= 16.8  kiloton  TNT. 

The  criterion  for  efficiency  will  be  the  shock  wave’s 
velocity,  C,  and  the  pressure  on  the  shock  wave  P2. 

C was  defined  in  Eq.  (15)  and  to  calculate  it,  one  needs 
to  know  E from  Eq.  (10).  Therefore  for  j3  = 0 


~E0  - 1.175  X 7.16  X 1013  joule 
= 8.42  X 1013  joule 
C = 2.33 X 102Xt"3/5  m/sec, 
and  from  Eq.  (7),  if  02  = 0 

K2  = 1 and  P2  = 5.57  X10<Xt -6/5  N/m2. 

Now  let  us  assume  that  02  = 0.072,  i.e.,  at  t = 0, 

42%  of  ET  is  liberated  as  E0  and  58%  of  ET  is  liberated 
as  Eb  according  to  Q2.  (E-r  was  assumed  to  be  E0  + 

Eb,  i.e.,  the  total  energy.) 

E2  = r~ — ■?  Et  = 13.8X  1013 j 
1 (ot  + ab2)  r 

C = 2.58 X IQ2  X t“3/5  m/sec 
P2  = 4.8X104Xt'6/5  N/m2. 

It  can  be  concluded  that  C has  increased  by  1 1% 
relative  to  the  Sedov-Taylor  model.  P2  decreased  by 
1 7%  and  from  Eq.  (7),  p2  decreases  two  and  a half 
times  and  V2  the  velocity  of  the  gas  behind  the  shock 
decreases  by  28%. 

For  the  Q3  model  in  a comparable  way,  the  re- 
sults are: 


E3  = 14.7X  1013  j ; 

C = 2.61  X 102 1~3/5  m/sec 
and 

P2  = 4.26  X 104  t-6/5  N/m2  . 

Here  E3  is  bigger  by  6.5%  than  E2 ; C is  bigger  by 
2%,  P2  decreases  by  13%  compared  to  Q2  or  23.5% 
compared  to  Sedov-Taylor.  p2  decreases  16%  from 
the  Q2  model  while  V2  increases  by  1 2%  compared 
to  the  O2  model.  It  can  therefore  be  concluded  that 
the  models  studied  are  more  efficient  than  the  Sedov- 
Taylor  model  only  in  what  concerns  the  shock  speed 
C,  while  the  other  parameters  V2,  p2  and  P2  show  a 
definite  preference  for  the  S.T.  model;  the  Q2  model 
being  slightly  more  favorable  in  the  overall  perform- 
ance than  Q3. 

The  last  point  to  be  mentioned  in  the  discussion  is 
the  meaningfulness  of  the  model  from  the  standpoint 
of  the  possibility  of  energy  release  by  combustible 
media.  Since  we  have  mentioned  that  the  E0  energy 
has  to  be  of  the  size  of  an  atomic  blast,  and  since  the 
amount  of  energy  liberated  by  an  aerosol  in  the 
atmosphere  is  limited  by  the  amount  of  oxygen  avail- 
able, one  can  calculate  what  is  the  amount  of  fuel, 
and  what  is  the  size  of  the  spheric  cloud  where  this 
fuel  has  to  be  spread.  Taking  TNT  as  a reference  for 
E0  at  a density  of  1.5  it  liberates  1010  Kcal/kg(20). 
Half  the  size  of  our  bomb  will  be  8 kt  = 8.000.000  kg 
TNT  which  will  liberate  8.08  X 109  Kcal  of  heat. 
Taking  pulverized  graphite  for  reference  in  order  to 
calculate  the  energy  released  by  a combustible  medium 
that  liberates  7840  Kcal/kg,  one  needs  1030  tons  of 
pulverized  graphite.  Since  the  reaction  is  C + 02  -+■ 
C02  we  need  approximately  2750  tons  of  oxygen, 
i.e.,  a ball  of  air  of  the  radius  of  1 38  m. 

I 

LIST  OF  SYMBOLS 

Bj  parameter  defined  in  Eq.  ( 1 2) 

C the  shock  speed  defined  in  Eq.  ( 1 5) 

Dj  parameter  defined  in  Eq.  (27) 

Ej  energy  quantity  related  to  E0  through 
Eq.  (10) 

E0  energy  of  the  point  explosion 
Eh  energy  liberated  by  the  combustible  media 
Et  total  energy  equal  to  E0  + Eb 
f nondimensional  gas  velocity,  Eq.  ( 1 3) 
g nondimensional  gas  density,  Eq.  (13) 
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h nondimensional  pressure,  Eq,  (13) 

Kj  parameter  defined  by  Eq.  ( 1 9) 

Lj  parameter  defined  by  Eq.  (21 ) 

Mj  parameter  defined  by  Eq.  (20) 

P pressure 

Qj  quantity  of  heat  per  unit  mass  liberated  by 
combustion  processes 
r radius 
t time 
V gas  velocity 

Zj  parameter  defined  by  Eq.  (9a) 
atj  energy  parameter  defined  by  Eq.  ( 1 0)  and 
(25) 

abi  combustion  parameter  defined  by  Eq.  (24) 
arbitrary  energy  parameter  defined  by 
Eq.  (9a) 

7 Cp/Cv 

e energy  per  unit  mass 
X dimensionless  parameter  defined  by  Eq.  (8) 
p gas  density. 

Subscripts 


6.  V.  P.  Korobeinikov,  N.  S.  Melnikova  and  E.  B. 
Riazanov,  The  Theory  of  Point  Explosions,  U.S. 
Dept,  of  Commerce,  1962. 

7.  V.  P.  Koronbeinikov,  The  Problems  of  the  Point 
Explosions  Theory  in  Gases,  Izd.  Nauka,  Moskva, 
1973. 

8.  V,  P.  Korobeinikov,  On  the  Gas  Flow  Due  to 
Solar  Flares,  Solar  Phys.,  7, 463  ( 1 969). 

9.  V.  P.  Korobeinikov  and  V.  A.  Levin,  Strong  Ex- 
plosion in  a Combustible  Mixture,  Jzv.  ANSSSR, 
Mech.  Zhidk.  Gaz.,  4,48(1969).  (Eng.  Transl. 
p.  30.) 

10.  V.  P.  Korobeinikov,  The  Problem  of  Point  Ex- 
plosion in  a Detonating  Gas,  Proc.  1st.  Internat. 
Coll,  on  Gas  Dynamics  of  Explosions,  Brussels, 
1967.  Astronaut.  Acta,  14,411(1969). 
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PERPENDICULAR  EXPLOSIVE  DRIVE  AND  OBLIQUE  SHOCKS* 


T.  Neal 
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University  of  California 
Los  Alamos,  New  Mexico  87545 


Obliq  <e  shocks  in  various  materials  driven  by  Composition  B-3,  9404,  and  TNT  with 
the  detonation  wave  perpendicualr  to  the  interface  are  investigated  with  flash  radio- 
graphic  techniques.  The  detonation  products  in  the  rarefaction  behind  the  detona- 
tion front  expand  laterally  as  the  explosive-sample  interface  bends  under  shock 
compression  of  the  sample.  With  the  products  described  by  a poly  tropic  gas  equa- 
tion of  stale,  this  expansion  is  shown  to  be  adequately  described  in  the  vicinity  of 
the  detonation  front  by  Prandtl-Meyer  flow.  Some  new  liugoniot  data  for  antimony 
is  obtained  in  the  course  of  the  investigation.  In  some  instances  of  perpendicular 
drive  the  compression  of  the  sample  is  not  accomplished  strictly  by  strong  shocks. 
This  circumstance  is  exemplified  by  baratol  driving  aluminum,  a case  where  the  bulk 
sound  speed  exceeds  the  detonation  velocity,  and  by  9404  driving  beryllium,  a case 
where  it  does  not.  Some  experimental  results  are  presented  for  both  these  systems. 


INTRODUCTION 

A detonating  explosive  in  contact  with  a metal 
plate  has  been  the  subject  of  extensive  investigations 
by  many  shock  workers  (1 , 2).  The  case  where  the 
detonation  wave  is  parallel  to  the  explosive-metal 
interface  has  received  far  more  attention  than  the 
case  where  it  is  oblique.  Recently  detonation  waves 
at  right  angles  to  the  interface  have  been  investigated 
at  this  laboratory  by  means  of  radiographic  tech- 
niques. Perpendicular  drive,  as  it  is  termed,  has  been 
used  to  determine  Hugoniot  data,  observe  phase 
changes,  and  drive  regular  and  Mach  reflection  ex- 
periments. It  is  useful  in  experiments  of  these  types 
because  the  waves  in  the  metal  plates  are  driven  con- 
tinally  and  steadily  and  radiographs  provide  a sort  of 
time  history.  Behind  the  detonation  front  the  pro- 
ducts of  detonation  expand  laterally  as  the  metal  is 
compressed.  If  the  compression  occurs  as  a result  of 
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a shock,  the  metal  interface  undergoes  an  abrupt 
bend  where  it  is  intersected  by  the  detonation  wave. 
Viewed  from  a coordinate  system  moving  at  the  con- 
stant velocity  of  the  detonation,  the  flow  pattern  is 
that  of  an  incoming  stream  of  material  turning  a 
corner.  Flow  around  a bend  in  a channel  is  described 
by  a Prandtl-Meyer  expansion  if  the  flow  states  before 
and  after  the  bend  are  constant  states.  Although  the 
front  of  the  detonation  wave  can  be  considered  a 
constant  state  in  this  context,  the  flow  be  fund  cannot 
because  of  the  rarefaction  that  follows  the  detona- 
tion front.  The  effects  of  this  rarefaction  are  exhibited 
in  the  gradual  curvature  of  the  metal-explosive  inter- 
face that  occurs  behind  the  abrupt  bend  due  to  the 
shock.  In  addition,  the  finite  size  of  experimental 
assemblies  used  to  investigate  perpendicular  drive 
often  precludes  the  flow  patterns  in  the  metal  being 
time  independent  in  regions  far  from  the  detonation 
front,  Therefore,  the  first  objective  of  this  report 
will  be  to  investigate  the  explosives  Composition 
B-3. 9404  and  TNT  to  see  if  the  Prantdl-Meyer  ex- 
pansion can  reasonably  describe  the  flow  of  detona- 
tion products  behind  a detonation  front  followed  by 
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a rarefaction.  For  the  purpose  of  making  this  com- 
parison the  detonation  products  will  be  described  by 
a poly  tropic  gas  equation  of  state.  If  such  a flow 
model  proves  adequate,  a simple  analytical  method 
will  henceforward  be  available  for  predicting  the 
strength  and  direction  of  shocks  in  materials  shock- 
compressed  by  perpendicular  drive  with  these  explo- 
sives. A different  material  flow  pattern  occurs  in 
perpendicular  drive  when  the  bulk  sound  speed  of 
the  material  exceeds  the  detonation  velocity.  A 
shock  cannot  form  in  the  metal  because  it  trys  to 
run  ahead  of  the  detonation,  becomes  unsupported 
and  hence  decays.  The  case  of  the  explosive  baratol 
driving  aluminum  is  a well  known  example.  Even  if 
the  bulk  sound  speed  is  less  than  the  detonation 
velocity,  there  is  no  assurance  that  there  is  a solution 
to  the  flow  equations  in  which  the  final  compression 
is  achieved  solely  by  the  leading  shock.  Beryllium 
driven  by  9404  is  an  example  of  a comoination  in 
which  only  part  of  the  compression  in  the  metal  is 
accomplished  through  a strong  shr;!;.  Thus,  a bulk 
sound  speed  smaller  than  the  detonation  velocity  is  a 
necessary  but  not  sufficient  condition  for  formation 
of  a full-pressure  shock  in  the  metal  in  perpendicular 
drive.  Both  the  examples  mentioned  are  being  investi- 
gated, especially  with  regard  to  the  shocks  and  pres- 
sures transmitted  into  a second  adjacent  metal  plate. 
Some  experimental  results  for  these  flow  situations 
will  also  be  presented. 


PERPENDICULAR  DRIVE 

In  order  to  understand  how  equaticn-of-state  and 
flow  measurements  are  obtained  from  perpendicular 
drive  it  is  appropriate  to  consider  the  fluid  dyanmics 
of  the  situation  depicted  in  Fig.  1.  A detonation 
wave  is  proceeding  at  a right  angle  with  respect  to  the 
interface  between  the  explosive  and  some  sample. 

Not  all  explosives  possess  the  property  that  the  deto- 
nation front  remains  relatively  planar  and  at  right 
angles  to  the  interface  in  the  immediate  vicinity  of 
the  interface.  The  analysis  here  will  be  restricted  to 
those  that  do.  The  interface  has  deflected  at  an 
angle  a as  a result  of  shock  compression  of  the  sample. 
The  explosive  ahead  of  the  detonation  front  is,  of 
course,  unreacted.  Let  us  assume  for  the  moment 
that  near  the  interface  the  region  behind  the  detona- 
tion front  is  a constant  state  in  which  the  flow  stream- 
lines are  parallel  and  steady.  The  expansion  of  deto- 
nation products  into  the  region  previously  occupied 
by  the  sample  can  then  be  described  by  PM  (Prandtl- 


Fig.  1.  Schematic  of  perpendicular  drive.  The  heavy 
solid  lines  represent  shocks  and  the  small  double 
arrows  indicate  their  direction  of  propagation. 


Meyer)  flow  around  a sharp  corner  (3),  In  that  case 
Bernoulli’s  principle  becomes  (4) 

dP  = - pv2C  da/Vv2  - C2  (1) 

where  P is  the  pressure  and  p is  the  density  of  the 
detonation  products.  The  sound  speed  C and  the 
velocity  along  the  streamline,  v,  arc  related  to  the 
pressure  and  density  by 

C2  = dP/dp  and  v dv  = - dP  Ip.  (2), 

For  many  situations  explosives  have  been  adequately 
described  by  a CJ  (Chapman-Jougct)  detonation  and 
a 7-law  equation  of  state  (5).  The  pressure  and  den- 
sity of  the  explosive  products  are  then  related  by 

P - Pcj(p/Pcj)7-  (4) 

The  CJ  conditions  can  be  expressed  as 

PCJ  = PeD2(7  + 1),Pcj  = Pe(T+  OAy.and 
VCJ  = cCJ  * Dt/Ox  + 1)  (5) 

where  pe  is  the  density  of  the  unreacted  explosive  and 
D is  the  detonation  velocity.  The  model  for  a PM  ex- 
pansion of  a polytropic  gas  can  now  be  solved  using 
the  CJ  conditions  as  initial  conditions  for  the  flow. 
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The  result  is 


da 

dp 


1/777° -p<1"1,'T/ 

7p('y+,)/(2'y)^  +~ ^ (! 


(6) 


where  p is  a dimensionless  pressure  given  by 
P = P/PCJ- 


(7) 


Thus  if  the  value  of  7 and  the  detonation  velocity  are 
known,  the  deflection  of  the  explosive-sample  inter- 
face can  be  related  directly  to  the  pressure  at  that 
interface. 

Since  the  detonation  velocity  is  constant,  the  velo- 
city of  the  first  shock  in  the  sar  'le  is  given  by 


Ujj  = Dsinflj. 


(8) 


If  there  is  only  one  shock  in  the  sample  the  interface 
deflection  and  particle  velocity  behind  the  shock  are 
related  through  the  expression 


upi  cos (0 j - a)  * Dsina. 


(9) 


If,  in  addition  to  the  angle  0,  the  angle  a can  be  meas- 
ured, this  relationship  gives  an  independent  deter- 
mination of  the  particle  velocity  and  specifies  a state 
on  the  Hugoniot.  The  resulting  pressure  in  the  sample 
is  obtained  from  a Rankine-IIugoniot  condition  (6) 
which  in  this  case  can  be  written  as 

Pj  = p0D2  sin2  0j  [1  - tan  (0j  -a)/tan  0j]. 

(10) 

Here  p0  refers  to  the  initial  density  of  the  sample 
material.  The  sample,  in  this  discussion,  is  assumed 
to  have  no  strength  and  behave  hydrodynamically. 

If  the  Hugoniot  relationship  for  the  sample  material 
is  well  known,  the  particle  velocity  can  be  obtained 
directly  from  the  shock  velocity.  For  many  materials 
this  relationship  is  linear  in  the  shock  velocity- 
particle  velocity  representation  and  can  be  expressed 
as 


Ufl  = C0  + S 


0 upl 


(11) 


where  C0  and  S0  are  constants  that  depend  on  the 
particular  material.  In  that  case  the  angle  a can  be 
obtained  from  the  equation 


tan  (0j  - a)  = [sin  0j  (S0  - 1) 

+ C0/D]/(S0  cos  0, ).  (12) 

The  relationship  of  interface  deflection  to  shock  pres- 
sure in  the  sample  is  contained  in  Eqs.  (10)  and  (12) 
in  parametric  form  with  0t  acting  as  the  parameter. 
Since  pressure  is  continuous  across  the  explosive- 
sample  interface,  this  relationship  can  be  compared 
with  that  for  the  explosive  products  in  Eq.  (6)  to 
predict  the  strength  and  direction  of  the  shock  in  the 
sample  when  the  release  isentrope  of  the  explosive 
products  is  also  known. 

In  samples  that  undergo  phase  transitions  upon 
shock  compression  a double  shock  structure  may 
occur  (7).  The  velocity  of  the  second  shock  in  the 
laboratory  frame  of  reference  is 


Us2  = D sin  02, 


(13) 


The  material  in  front  of  the  second  shock  is  not  at 
rest.  The  velocity  of  the  second  shock  with  respect  to 
the  material  in  front  of  it  therefore  becomes 

us2  = UE2  - UP1  co*(°l  -%)•  O4) 

If  the  phase  transition  is  completed  in  a small  fraction 
of  the  time  characteristic  for  other  events  Eq.  (9)  is 
replaced  by 


Up[  cos(0j  - a)  + Upjj  cos(02  - a)  * Dsina 


(15) 


which  can  be  used  in  a like  manner.  The  quantity 
up2  is  the  particle  velocity  associated  v rith  the  second 
shock.  The  final  pressure  achieved  is 


p2  = PoluPlUsl  +up2U*2/(1  -upl/Usl)J- 


(15) 


EXPERIMENTAL  METHOD 

A flash  radiographic  technique  was  employed  to 
observe  oblique  shocks  and  interface  deflections  for 
various  materials.  The  experimental  arrangement  was 
similar  to  that  used  by  Katz,  Doran,  and  Curran  (8) 
to  produce  oblique  shocks  in  iron  and  by  Bread  and 
Venable  (9)  to  produce  oblique  shocks  in  antimony 
and  bismuth.  The  explosives  Composition  B-3, 9404, 
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TNT  and  baratol  were  used  in  this  study.  The  ex- 
plosive was  in  the  shape  of  a rectangular  parallele- 
piped with  a width  of  1 0 cm  in  the  case  of  baratol  and 
6 cm  for  the  others.  The  dimension  in  the  direction  of 
the  radiographic  beam  ranged  from  3 cm  to  10  cm, 
corresponding  to  the  thickness  of  the  sample  that 
could  conveniently  be  radiographed.  These  blocks 
were  initiated  with  a 10-cm-diameter  planewave  ex- 
plosive lens.  After  the  detonation  had  run  nine  or 
ten  cm  the  sample  was  radiographed  with  the  pulaed 
high-energy  radiographic  facility  of  this  laboratory. 
The  radiographic  technique  has  been  described  else- 
where (10).  The  detonation  velocity  of  the  various 
explosives  was  measured  using  either  a method  in 
which  piezoelectric  timing  pins  are  placed  along  the 
side  of  the  explosive  or  a method  developed  by  Hayes 
(1 1)  which  detects  an  electrical  signal  when  the 
detonation  crosses  an  explosive-explosive  interface. 

To  generate  these  latter  signals  some  of  the  explosive 
blocks  were  built  up  out  of  slabs  assembled  together. 
The  determination  of  the  detonation  velocity  was 
only  a minor  source  of  uncertainty  in  these  experi- 
ments. The  major  source  of  error  occurred  in  the 
determination  of  the  various  angles.  A line  drawing 
of  the  essential  features  in  an  actual  radiograph  is 
shown  in  Fig.  2.  The  line  OA  is  the  detonation  wave. 
For  all  the  explosives  radiographed  the  wave  was 
planar,  parallel  to  the  reference  foil,  and  perpendicu- 
lar to  the  interface.  The  line  OB  represents  the  first 
shock  in  the  sample  and  the  line  OC  represents  the 
interface.  Both  of  these  lines  were  slightly  curved, 
corresponding  to  the  decay  of  the  shock  as  it  moved 
into  the  sample.  All  angles  were  determined  in  the 
limit  where  the  lines  intersect  point  0.  In  analyzing 
these  radiographs  the  assumption  is  made  that  if  the 
radiograph  were  taken  at  some  different  time,  the 
flow  pattern  in  the  region  of  the  vertex  0 would  be 
the  same.  This  assumption  has  been  shown  to  be 
valid  within  the  resolution  of  the  radiographs  (9,12). 

The  sample  materials  used  are  listed  in  Table  1. 

The  densities  refer  to  those  of  the  sample  used  in  this 
investigation.  The  coefficients  for  the  Hugoniot 
relationship  in  Eq.  (1 1)  are  presented  along  with  the 
pressure  range  from  which  data  for  the  fits  were 
taken  (13).  Since  antimony  exhibits  a phase  change 
under  shock  compression,  the  pressure  range  for  that 
fit  was  restricted  to  a region  where  no  double  wave 
structure  is  present  and  the  Hugoniot  appears  linear. 
The  fit  for  uranium  does  not  include  any  very  low 
pressure  data  because  those  shocks  in  uranium  are 
not  sharply  defined.  In  all  but  one  instance,  however, 


Fig.  2.  line  drawing  of  principal  features  in  a radio- 
graph. The  shocks  are  indicated  by  heavy  solid  lines. 


the  pressure  range  covers  that  attained  in  perpendicu- 
lar drive  by  Composition  B-3, 9404,  and  TNT. 

COMPOSITION  B-3, 9404,  and  TNT 

The  explosives  Composition  B-3, 9404,  and  TNT 
were  used  to  generate  oblique  waves  in  various  sam- 
ples in  order  to  study  the  expansion  of  the  explosive 
products  behind  the  detonation  front.  The  results 
of  the  investigation  of  Composition  B-3  are  presented 
in  Table  2.  The  explosive  in  these  experiments  had 
a density  of  1 .730  ± .001  Mg/m3.  The  detonation 
velocity  was  determined  to  be  7.915  ± .01  km/s. 
These  values  agree  well  with  other  independent  meas- 
urements at  this  laboratory  (14).  The  five  different 
metals  that  were  used  as  samples  are  listed  in  order 
of  increasing  interface  deflection.  The  first  column 
lists  the  measured  values  of  the  angle  9 along  with  its 
standard  deviation.  The  shock  velocity,  shock  pres- 
sure, and  interface  deflection  in  the  immediately 
succeeding  columns  were  calculated  from  $ with  the 
use  of  the  reference  Hugoniots.  Next  a value  of  y for 
the  explosive  products  wu  sought  which  permitted 
the  PM  expansion  described  by  Eq.  (6)  to  match  the 
pressure  and  deflection  of  the  metal.  A weighted 
average  of  the  values  of  y determined  by  this  proce- 
dure is  given  at  the  bottom  of  this  column.  The  data 
for  the  samples  is  also  presented  in  Fig.  3 in  the 
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TABLE  1 

Reference  Hugoniots 


PMMA 

Be 

Al(2024) 

Sb 

Cu 

Pb 

U 

/J0(M|/m3) 

1.186 

1.85 

2.785 

6.67 

8.93 

11.34 

18.91 

C0(km/«) 

2.586 

8.005 

5.328 

1.572 

3.912 

2.027 

2.503 

S0 

1.529 

1.119 

1.332 

1.993 

1.500 

1.472 

1.513 

P-range  (GPa) 

2 < P < 20 

0 < P < 89 

0 < P < 108 

16  < P < 39 

0<P<  158 

0 < P < 200 

21  < P < 371 

TABLE  2 

Perpendicular  Drive  by  Composition  B-3 


6 (del)* 

U,(km/s) 

P(GPa) 

a (deg) 

y 

a (deg)* 

Up(km/j) 

P(GPa) 

U 

22.65  i .37 

3.C48  ± .047 

20.8  i 2.1 

4..  *5  i .21 

2.76 1 .31 

2.49 1 .10 

0.366 1 .015 

21.li  .9 

Cu 

36.03  ± .14 

4.656  t .016 

20.61  .5 

3.01 1 .06 

2.63  i .08 

2.99t  .17 

0.493  t .027 

20.51  1.1 

Pb 

21.05  ± .18 

2.843  i .023 

17.9±  .7 

3.84  i .10 

2.79±  .11 

3.88i  .11 

0.561 1 .016 

18.li  .5 

Al 

56.72  1 .16 

6.617  i .012 

17.81  .2 

4.27  i .03 

2.70 1 .03 

4.22  i .20 

0.9571 .041 

17.7t  .8 

Sb 

23.44  ± .23 

3.148  1 .029 

16.61  .5 

5.45  i .10 

2.61 1 .08 

5.37  i .04 

0.779  i .006 

16.4i  .2 

Weighted  Mean 

ggggg 

‘-measured 

directly 



representation  of  preuure  and  angle  of  interface  de- 
flection. The  curvet  for  the  five  different  metals  are 
solutions  of  Eqt.  (10)  and  (12)  from  the  reference 
Hugoniot.  The  data,  of  course,  lie  on  these  curves. 
The  behavior  of  the  curve  for  2024-aluminum  is 
typical  of  most  materials.  The  other  curves  again 
intersect  zero  deflection  when  their  shock  velocities 
are  equal  to  the  detonation  velocity.  These  pressures 
are  off  scale  for  Fig.  3.  The  dashed  curve  describes 
the  PM  expansion  of  the  explosive  products.  The 
final  value  of  y yields  a CJ  pressure  of  29.4  ± .5  GPa. 
This  agrees  with  the  pressure  determined  from  planar 
plate-push  techniques  (14).  The  pressure  investigated 
in  these  oblique  expansions,  however,  were  normally 
in  the  range  of  55-70%  of  the  CJ  pressure.  These 
results  can  also  be  compared  directly  with  those  of 
Rivard,  et  al.  (12)  who  investigated  the  rarefaction 
behind  the  detonation  front  down  to  pressures  of 
roughly  45%  of  the  CJ  p leisure  and  found  it  could  be 
approximated  quite  well  by  a Taylor  wave.  A fit  to 
their  data  with  a y4aw  equation  of  state  produced  a 
CJ  pressure  of  29.9  ± .4  GPa. 

In  order  to  provide  a check  on  our  measuring 
techniques,  the  interface  deflection  was  also  deter- 
mined from  the  radiographs.  The  results  for  the 
measured  value  of  the  angle  o and  the  subsequent 
determinations  of  the  particle  velocity  and  shock 


• - Aoglt  of  Interface  Daflaction  (d«9) 

Fig.  3.  Perpendicular  drive  by  Composition  B-3.  The 
solid  lines  me  the  oblique  solutions  obtained  from  the 
reference  Hugoniots.  The  dotted  tines  cover  ranges 
into  which  the  reference  Hugoniots  have  been  extra- 
polated. The  dmhed  tine  is  the  Prmdtt-Meyer  expan- 
sion of  detonation  products  described  by  a poly  tropic 
gas  equation. 
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pressure  are  listed  in  the  last  three  columns  of  Table 
2.  The  good  agreement  of  these  independently 
determined  pressures  with  those  obtained  from  the 
measured  shock  velocity  with  the  aid  of  the  reference 
Hugoniot  indicates  a good  deal  of  self-consistency  in 
the  measuring  methods.  The  result  for  antimony  was, 
in  fact,  used  in  the  determination  of  the  reference 
Hugoniot  since  data  in  that  pressure  regime  is  rather 
scarce. 


on  the  Hugoniot.  Since  the  independent  pressure 
measurement  correlated  well  with  that  obtained 
from  the  reference  Hugoniot,  antimony  was  also 
examined  to  provide  an  additional  state  point  for 
use  in  establishing  its  reference  Hugoniot. 


The  next  explosive  investigated  was  9404.  Its 
density  was  1 .845  ± .002  Mg/m3  and  its  detonation 
velocity  was  8.80  ± .01  km/s.  These  values  are  in 
good  agreement  with  those  quoted  by  Kury,  et  al. 
(15).  In  addition  to  the  five  metals  used  previously, 
PMMA  (polymethyl  methacrylate)  was  included  as  a 
sample  in  order  to  examine  larger  interface  deflec- 
tions. The  results  for  9404  are  presented  in  Table  3. 
The  format,  except  for  the  last  two  experiments, 
which  will  be  discussed  in  another  section,  is  the  same 
as  for  Table  2.  The  data  are  also  depicted  in  Fig.  4. 
The  averaged  value  of  y corresponds  to  a CJ  pressure 
of  36.3  ± .4  GPa.  This  value  of  y is  slightly  higher 
than  the  range  2.83-2.87  reported  from  expansion 
methods  and  the  aquarium  technique  (16).  The  in- 
clusion of  PMMA  as  a sample  permitted  the  pressure 
examined  in  the  expansion  to  be  extended  from 
roughly  70%  of  the  CJ  pressure  down  to  approxi- 
mately 30%.  The  lower  pressure  PMMA  experiment, 
however,  did  not  seriously  alter  the  final  value  of  y. 


The  final  explosive  whose  expansion  was  investi- 
gated was  TNT.  It  had  a density  of  1.635  ± .002 
Mg/m3  and  a detonation  velocity  of  6.90  ± .0i  km/s, 
which  is  again  in  agreement  with  measurements  by 
others  (17).  The  results  are  listed  in  Table  4 and  also 


• - Anfll*  of  Inlorfoco  Dofloctlon  (dog) 


In  the  series  of  experiments  with  9404  only  2024- 
aluminum  was  examined  to  obtain  directly  the  state 


Fig.  4.  Perpendicular  drive  by  9404.  The  solid  lines 
are  oblique  shock  solutions  obtained  from  the  refer- 
ence Hugoniots.  The  dashed  line  is  the  Prandtl-Meyer 
expansion  of  detonation  products  described  by  a 
poly  tropic  gas  equation  of  state. 


TABLE  3 


Perpendicular  Drive  by  9404 


— 

o (deg)* 

U,(km/s) 

u 

20.88  * .17 

3. 1 36  * .024 

Cu 

32.63  * .25 

4.745  ± .032 

Pb 

19.58  ± .24 

2.949  * .035 

Al 

49.97  t .08 

6.738  i .008 

Sb 

22.03  ± .18 

3.301  * .026 

PMMA 

37.07  * .22 

5.305  ± .027 

Al 

48.00  i .36 

6.540  t .037 

Sb 

21.78*  .15 

3.265  t .021 

Up(km/») 


2.99  * .15 
2.98  ± .15 
3.07  * .16 


4.82  * .31 

1.048  t .062 

19.7  * 1.2 

5.57  * .18 

0.891*  .027 

19.7*  .6 

1 

'-measured  directly 

4.56  * .31 

0.964  * 060 

17.6*  1.1 

5.36  t .32 

0.857  * .050 

18.7*  1.1 

luaiuaiMW 


presented  in  Fig.  5.  The  metal  antimony  was  not  in- 
cluded in  this  investigation  because  the  double  wave 
structure  expected  under  perpendicular  drive  by  TNT 
complicates  the  determination  of  y.  An  independent 
determination  of  the  pressure  was  again  made  for 
2024-aluminum  to  confirm  there  was  nothing 
unusual  in  the  flow  near  the  intersection  of  the  shock 
and  detonation  waves.  The  final  value  of  y corre- 
sponds to  a CJ  pressure  of  18.6 ± .7  GPa  which  agrees 
with  values  of  19-20  GPa  found  by  others  (16).  The 
pressure  range  investigated  in  the  TNT  expansion  ex- 
tended over  about  65-75%  of  the  CJ  pressure.  This 
range  is  narrower  than  that  covered  for  the  other 
two  explosives. 

The  results  for  y obtained  by  this  technique  com- 
pare favorably  with  values  determined  by  methods  that 
do  not  involve  the  assumptions  associated  with  a 
PM  expansion.  Thus  the  Prandtl-Meyer  expansion 
provides  a useful  description  of  perpendicular  drive 
for  the  explosives  Composition  B-3, 9404,  and  TNT 
in  the  immediate  vicinity  of  the  intersection  of  the 
oblique  shock  with  the  detonation  wave.  This  occurs 
in  spite  of  the  fact  that  the  region  behind  the  detona- 
tion wave  is  a rarefaction  and  not  a constant  state. 


ISENTROPIC  COMPRESSION  WITH  PERPENDIC- 
ULAR DRIVE 

The  properties  of  all  the  sample  materials  discussed 
thus  far  have  permitted  full-pressure  shock  solutions 
with  the  explosives  used.  In  order  words,  in  the 
plane  of  shock  pressure  and  angle  of  interface  deflec- 
tion the  curve  of  physically  possible  solutions  ob- 
tained from  a reference  Hugoniot  for  a material  has 
intersected  the  curve  of  physically  possible  solutions 
for  the  PM  expansion  of  the  detonation  products. 


Both  these  solution  curves,  of  course,  come  from  a 
model  in  which  the  interface  undergoes  an  abrupt 
bend.  There  are,  however,  materials  and  explosives  for 
which  this  does  not  occur.  These  situations  can  be 
divided  into  two  categories.  The  simplest  is  that  in 
which  the  bulk  sound  speed  exceeds  the  detonation 


Fig.  5.  Perpendicular  drive  oy  TNT.  The  solid  lines 
are  the  oblique  shock  solutions  obtained  from  the 
reference  Hugoniots.  The  dotted  line  covers  a pres- 
sure range  into  which  the  reference  Hugoniot  has 
been  extrapolated.  The  dashed  line  is  the  Prandtl- 
Meyer  expansion  of  detonation  products  described 
by  a poly  tropic  gas  equation  of  state. 


TABLE  4 

Perpendicular  Drive  by  TNT 


9 (deg)* 

U,(km/») 

P(GPa) 

o(deg) 

7 

oKdeg)* 

Up(km/s) 

P(GPa) 

u 

24.77  ± .25 

2.891  ± .027 

14.0*  1.1 

1.96  ± .14 

3.10  i .28 

Cu 

39.82  * .32 

4.419  t .030 

13.3 1 .9 

2.22  t .12 

3.16  * .23 

A1 

65.49  * .45 

6.278  * .022 

12.5  i .3 

2.7 1 ± .02 

3.19  ± .09 

2.87*  .13 

0.751*  .033 

13.1  * .6 

Pb 

22.29  t .33 

2.617  * .037 

11.9  ± .9 

3.15  ± .19 

3.18*  .26 

Weights 

, . - 

d Mean 



3.18*  .15 

'-measured 



directly 
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velocity.  Typical  examples  are  afforded  by  the 
baratol-aluminum  combination,  where  the  bulk 
sound  speed  exceeds  the  detonation  velocity  by  about 
10%,  and  the  TNT*beryllium  combination,  where  it 
exceeds  by  about  15%.  The  former  system  has 
been  examined  by  Eden  and  Wright  (18)  using  streak 
cameras.  In  these  circumstances  compression  by  a 
single  shock  is  incompatible  with  the  hydrodynamic 
flow  conditions  and  such  compression  is  not  observed. 
The  other  category  consists  of  materials  for  which 
there  is  no  full-pressure  shock  solution  even  though 
the  bulk  sound  speed  is  less  than  the  detonation 
velocity.  An  example  of  this  combination  discussed 
below  is  9404  and  beryllium  where  the  bulk  sound 
speed  is  91%  of  the  detonation  velocity. 

A few  radiographic  experiments  were  performed 
to  examine  both  these  effects.  The  perpendicular 
drive  of  beryllium  by  9404  will  be  discussed  first. 

The  flow  solution  for  beryllium  is  indicated  in  Fig.  4. 

It  does  not  intersect  the  PM  expansion  because  a 
shock  velocity  in  beryllium  equal  to  the  detonation 
velocity  produces  a shock  pressure  of  only  1 1 .3  GPa, 
far  below  the  CJ  pressure  for  9404.  A 2024-aluminum 
sample  was  placed  next  to  a 10-mm-thick  slab  of 
beryllium  in  order  to  observe  the  effect  of  the  pres- 
sure pulse  transmitted  through  the  beryllium.  A 
line  drawing  of  the  principal  information  content  of 
the  radiograph  is  presented  in  Fig.  6.  An  important 
factor  to  keep  in  mind  when  examining  the  aluminum 
in  such  an  experiment  is  the  number  of  times  an 
acoustic  pulse  has  been  able  to  travel  across  the 
beryllium  slab  by  the  time  the  radiograph  is  taken. 

The  bulk  sound  speed  in  beryllium  shock-compressed 
to  a pressure  of  1 1 .3  GPa  can  be  estimated  from  the 
Mie-Grtlneisen  equation  of  state  (4)  to  be  about  8.8 
km/s.  Since  the  detonation  has  run  about  10  cm, 
acoustic  information  has  been  able  to  cross  the 
beryllium  about  10  times.  If  this  number  is  ttx> 
small,  the  material  flow  in  the  aluminum  may  not 
yet  be  independent  of  the  time  when  the  radiograph 
is  taken.  In  the  beryllium  a density  discontinuity  is 
visible.  Near  the  9404  this  shock  parallels  the  detona- 
tion front.  This  would  correspond  to  the  shock  pres- 
sure of  1 1 .3  GPa  mentioned  previously.  The 
beryllium-explosive  interface,  though  displaced,  does 
not  have  the  abrupt  bend  characteristic  of  an  oblique 
shock.  Near  the  aluminum  Interface  the  shock  appears 
to  have  bent  and  is  no  longer  parallel  to  the  detona- 
tion front.  A shock  is  clearly  discernible  in  the 
aluminum  and  its  interface  exhibits  a bend  and  dis- 
placement similar  to  that  found  when  it  was  in  direct 
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Fig.  6.  Line  drawing  of  principal  features  in  a radio- 
graph. The  shocks  are  indicated  by  heavy  solid  lines 
and  the  small  double  arrows  indicate  the  direction  of 
propagation. 

contact  with  the  9404.  The  results  for  the  aluminum 
are  listed  at  the  bottom  of  Table  3.  The  pressure  in 
the  aluminum  is  only  83%  of  that  found  when  the 
beryllium  was  not  present.  Recall,  however,  that 
oblique  shocks  in  aluminum  are  slightly  curved 
and  in  the  absence  of  the  beryllium  a similar 
situation  would  be  observed  if  the  pressure  of  the 
shock  1 cm  from  the  interface  were  compared  to 
the  pressure  at  the  interface.  This  decay  in  shock 
pressure  arises  simply  from  the  fact  that  the  shocks 
as  well  as  the  detonation  waves  in  these  systems  are 
followed  by  rarefactions.  Thus  the  observed  decrease 
across  the  beryllium  is  entirely  reasonable.  The 
aluminum  interface  was  also  inspected  to  provide  an 
indpendent  determination  of  the  shock  pressure  in 
the  aluminum.  This  again  correlates  well  with  the 
pressure  determined  from  the  reference  Hugoniot 
and  confirms  the  aluminum  has  been  compressed  by 
a single  shock.  Since  pressure  is  continuous  across 
interfaces  the  pressure  in  the  beryllium  near  the 
aluminum  must  have  achieved  at  least  16.6  GPa  too. 
In  principal  it  should  be  possible  to  treat  the 
beryllium-9404  interface  as  a flow  of  explosive  pro- 
ducts around  a gradual  bend  and  confirm  this  pres- 
sure from  the  expansion  of  the  explosive  products. 
The  absence  of  a sharp  bend  complicates  the  deter- 
mination of  the  interface  angle  in  the  region  imme- 
diately behind  the  detonation  front  but  a reasonable 
estimate  is  7.1  ± .5°.  As  the  radius  of  curvature  for  a 
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gradual  bend  approaches  zero,  the  solution  for  the 
stream  flow  approaches  that  for  stream  flow  around  a 
sharp  comer.  Since  the  radius  of  curvature  for  the 
bend  in  this  interface  appears  smaller  than  other 
characteristic  lengths  in  the  experiment,  the  expan- 
sion around  a sharp  corner  depicted  in  Fig.  4 can  be 
used  to  estimate  the  pressure  in  the  explosive  pro- 
ducts. This  pressure,  which  is  also  the  pressure  in  the 
beryllium,  is  16  ± 1 GPa.  No  other  shocks  are  dis- 
cernible in  the  berylium.  Thus  behind  the  shock 
indicated  in  Fig.  6 the  beryllium  has  been  compressed 
by  some  means  other  than  a strong  shock.  Because 
of  the  dynamic  nature  of  this  system  this  latter  com- 
pression must,  like  shock  compression,  be  adinbatic. 

If  the  process  involves  several  shocks  too  weak  to  be 
discerned  individually,  the  compression  would  begin 
to  approximate  an  isentropic  process.  As  such 
signals  become  multidudinous  and  diminish  in  strength 
the  process  tends,  in  fact,  to  become  strictly  isentropic 

A second  experiment  was  performed  using  a 3- 
mm-slab  of  beryllium  and  an  antimony  sample.  A 
thinner  slab  of  beryllium  was  chosen  to  improve 
assurance  that  the  flow  pattern  near  the  interfaces 
is  time  independent.  The  antimony  was  chosen 
because  it  exhibits  a sluggish  phase  transition  at  8-9 
GPa,  just  below  the  shock  pressure  that  appeared  to 
be  present  in  the  beryllium.  It  was  hoped  that  any- 
thing too  unsuual  in  the  beryllium  compression 
might  be  manifested  as  a double  shock  wave  structure 
in  'he  antimony.  These  results  are  also  listed  in  Table 
3.  The  pressure  in  the  antimony  was  also  slightly 
less  than  that  in  the  absence  of  the  beryllium.  The 
antimony,  in  fact,  behaved  quite  normally  and  the 
result  for  its  shock  compression  was  used  in  its 
reference  Hugoniot.  It  appears  from  these  two  experi- 
ments that  although  the  cor. .pression  in  the  beryllium 
is  not  described  by  a tingle  strong  shock,  the  flow 
solution  becomes  pinned  near  the  interface  and  the 
material  on  the  other  side  contains  its  normal  oblique 
shock. 

The  case  of  baratol  and  aluminum  was  also  briefly 
investigated.  The  radiograph  of  the  experiment  is  pre- 
sented in  Fig.  7.  The  aluminum  contained  0.013- 
mm-thick  tantalum  foils  to  provide  radiographic 
contrast.  These  foils  were  initially  parallel  and  all 
but  the  top  reference  foil  were  spaced  6.36  mm  apart. 
The  baratol  block  was  constructed  of  25.4  mm 
slabs.  In  the  radiograph  the  detonation  wave  almost 
coincides  with  the  interface  between  the  last  two 
slabs.  The  detonation  front  does  not  curl  back  at  the 


Fig,  7,  Radiograph  of  baratol  driving  2024  aluminum. 
The  baratol,  on  the  right,  was  assembled  from  slabs. 
The  aluminum  contains  tantalum  foils  which  initially 
were  equally  spaced  and  parallel  to  the  top  reference 
foil 

aluminum  interface  as  it  does  with  materials  whose 
bulk  sound  speeds  are  slower  than  the  detonation 
velocity.  This  effect  is  more  easily  seen  in  the  work 
of  Eden  and  Wright.  The  point  of  interest  here  is 
that  no  shock  is  discernible  in  the  aluminum.  The 
foils,  however,  are  displaced  and  have  moved  closer 
together  indicating  compression.  The  aluminum- 
baratol  interface  has  also  been  displaced.  It  does  not 
bend  sharply  at  the  detonation  wave,  however,  in 
accordance  with  the  compression  not  coming  from 
a single  shock.  A recent  investiagtion  with  antimony 
on  the  other  side  of  a thin  aluminum  slab  indicates 
that  the  proper  shock  appears  in  the  antimony.  Thus, 
except  for  partial  shock  compression  seen  in  9404- 
driven  beryllium,  the  two  systems  appear  similar.  The 
aluminum  in  Fig.  7 has  also  been  compressed  by  a 
process  which  is  approximately  or  strictly  isentropic. 
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LASER  INITIATION  OF  INSENSITIVE  HIGH  EXPLOSIVES 
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Experimental  work  in  three  types  of  laser  initiation  of  insensitive  explosives  are  re- 
viewed. They  are:  1 ) instantaneous  detonation  caused  by  a shock  wave  generated 
in  a thin  metallic  film  from  a Q-switched  laser  pulse,  2)  instantaneous  detonation 
by  direct  interaction  between  a Q-switched  laser  pulse  and  the  explosive  under 
study  and  3)  deflagration  to  detonation  phenomenon  in  PETN  and  RDX  by  free- 
running  laser  pulses.  The  mechanisms  and  the  characteristics  of  the  initiations  are 
discussed. 


INTRODUCTION 

In  this  paper,  we  intend  to  review  the  laser  initia- 
tion of  insensitive  high  explosives.  The  initiation  of 
pyrotechnics  and  primary  high  explosives  are  well 
understood  and  reported  elsewhere  (1,2).  To  a large 
extent,  laser  initiation  mechanisms  are  similar  to  con- 
ventional initiation  techniques.  They  are  heat  and 
shock  in  origin.  However,  due  to  a number  of  unique 
features  associated  with  light  energy,  laser  has  been 
demonstrated  to  be  more  potent  than  the  conven- 
tional methods  of  initiation.  Experimental  results 
have  provided  information  for  a general  understand- 
ing of  the  initiation  phenomena  of  insensitive  high  ex- 
plosive. For  practical  applications,  it  is  important  to 
understand  this  phenomenon.  Recently,  great  prog- 
ress has  been  made  in  low-loss  fiber  optics  (3)  and  in 
the  miniaturization  of  compact  laser  systems  (4,5). 
The  concept  of  a laser-fiber  optic  system  to  initiate 
secondary  high  explosives  is  now  ready  for  engineer- 
ing development.  A number  of  military  applications 
are  apparent.  For  the  convenience  of  discussion,  the 
laser  characteristics  and  the  laser  interaction  with 
materials  will  be  briefly  summarized. 


Three  areas  of  laser  initiation  of  explosives  will  be 
discussed.  First,  the  initiation  of  several  secondary 


high  explosives  from  a shock  generated  by  a nano- 
second-duration Q-switched  laser  pulse  interacting 
with  a thin  metallic  film.  Second,  instantaneous  det- 
onation by  direct  interaction  of  Q-switched  laser 
pulses  with  the  explosives  and  finally,  reliable  deflag- 
ration to  detonation  (DDT)  in  PETN  and  RDX,  initi- 
ated by  millisecond-duration  free-running  mode  laser 
pulses.  The  advantages  of  using  a laser  to  initiate  in- 
sensitive explosives  and  study  the  DDT  phenomena 
will  be  discussed. 


LASER  CHARACTERISTICS 
AND  TERMINOLOGY 

Rapid  progress  has  been  experienced  in  the  laser 
field.  A number  of  extremely  high  powered  laser  sys- 
tems of  different  wavelengths  and  operational  modes 
have  been  developed.  For  explosive  initiation  studies, 
less  than  1 0 J of  pulsed  laser  energy  is  needed.  This 
energy  can  be  easily  provided  by  a xenon  flash  lamp- 
pumped  ruby  crystal  laser  or  a neodymium-glass  laser 
operating  at  a wavelength  of  6943  A and  1 .06  pm  re- 
spectively. The  laser  beam  (rod)  diameter  is  of  the 
order  of  6-1 5 mm. 

The  laser  energy  fluence  (J/cm2)  is  in  general  non- 
homogeneous  across  the  beam  and  dependent  on  the 


612 


* 


laser  optics  design.  Approximate  Gaussian  distribu- 
tion is  usually  observed  (1 ).  Near  the  lasing  thresh- 
old, local  hot  spot  emissions  are  quite  common.  In 
order  to  achieve  higher  fluences,  focusing  lenses  are 
used.  Lasers  have  small  intrinsic  beam  divergence,  de- 
fined as  the  full  angular  deviation  from  the  beam  axis 
at  the  1/e  of  maximum  fluence  (6).  At  the  focal 
plane,  the  flucnce  has  an  approximately  Gaussian  dis- 
tribution. Therefore  if  one  defines  the  beam  spot 
based  on  the  diameter  of  the  1/e  fluence  contour,  the 
spot  diameter  is  equal  to  the  beam  divergence  multi- 
plied by  the  focal  length.  For  a typical  3 to  5 mrad 
beam  divergence,  focal  lengths  larger  than  30  cm  are 
needed  to  allow  a spot  size  compatible  to  the  critical 
initiation  diameters  of  insensitive  high  explosives. 

The  average  energy  fluence  can  be  approximately  esti- 
mated by  dividing  the  laser  energy  by  the  area  of  spot 
cross  section. 

The  laser  pulse  duration  is  largely  dependent  on 
the  mode  of  operation  of  the  laser.  For  Q-switched 
operations,  the  laser  power  (W)  has  an  approximately 
Gaussian  time  profile.  The  pulse  duration  defined  by 
the  full  time  width  at  half  intensities  (FWHM)  can 
vary  from  a few  nanoseconds  up  to  100  ns  controlled 
by  the  switching  time  and  laser  cavity  length.  By  add- 
ing a mode-locking  mechanism  to  the  Q-switch  opera- 
tion picosecond-duration  output  can  be  achieved.  A 
rough  average  laser  intensity  (W/cm2)  can  be  esti- 
mated by  dividing  the  energy  fluence  by  the  pulse 
duration. 

The  free-running  mode  (normal  mode)  laser  energy 
fluence  characteristic  is  similar  to  that  in  the 
Q-switched  mode  operation.  The  output  power  (of 
the  order  of  kW)  as  a function  of  time  shows  the 
emission  to  be  a series  of  microsecond-long  relaxation 
spikes.  The  peak  laser  power  is  modulated  by  the 
flash  lamp  power.  Therefore,  the  total  pulse  duration 
is  in  the  order  of  the  lamp  discharge  duration,  tens  of 
microseconds  to  a few  milliseconds.  An  approximate 
laser  intensity  can  be  estimated  by  dividing  the  energy 
fluence  by  the  half  width  of  the  total  pulse  duration. 

The  output  energy  fluence  distribution,  beam 
divergence  and  pulse  duration  may  vary  considerably 
for  a given  laser  system  depending  on  the  output  en- 
ergy. Therefore  the  laser 1 nergy  is  better  controlled 
by  external  attenuation  of  a constant  output  rather 
than  by  varying  the  high  voltage  of  the  flash  lamp  dis- 
charge circuitry.  Because  of  the  foregoing  uncertain- 
ties, one  has  to  be  careful  when  comparing  reported 
laser  initiation  data. 


LASER  INTERACTION  WITH  MATERIALS 

Metals  absorb  light  in  skin  depths  on  the  order  of 
100  A or  less.  Even  for  the  most  reflective  metals, 
the  small  finite  absorption  under  high  laser  fluence 
will  cause  melting  and  vaporization.  The  free-running 
laser  has  a long  duration  allowing  for  effective  heat 
transfer  and  vaporization.  Therefore,  it  is  capable  of 
in-depth  heating  and  damage  of  metallic  surfaces.  A 
Q-switched  laser  pulse  can  heat  the  surface  more 
nearly  adiabatically  in  a thickness  on  the  order  of 
10*  A or  less.  The  high  energy  density  will  result  in 
the  generation  of  a highly  ionized  plasma.  High  tem- 
peratures and  shock  speeds  of  the  order  of  105  °K 
and  10  cm  /ms  can  be  easily  generated  with  moderate 
fluences  (7).  The  damage  thresholds  are  about  0.1 
J/cm2  (4  MW/cm2)  for  25  ns  Q-switched  laser  pulse 
and  10  J/cm2  (10  KW/cm2)  for  1 ms  free-running 
mode  laser  pulse. 

A focused  Q-switched  laser  pulse  can  initiate  gas 
breakdown  at  room  temperature  to  form  a high  tem- 
perature plasma.  The  high  laser  intensity,  corre- 
sponding to  a high  electrical  field,  is  capable  of  accel- 
erating multiphoton  absorption  produced  electrons  in 
the  gas  causing  a cascade  breakdown  and  subse- 
quently high  temperatures.  This  process  requires  a 
higher  onset  laser  intensity  in  the  order  of  50 
GW/cm2  for  air  at  atmospheric  pressure  (8).  The  low 
gas  density  allows  the  laser  absorption  to  take  place 
in  a relatively  large  volume  as  compared  to  the  case 
of  metal  surfaces.  Therefore,  the  resultant  shock 
pressure  is  lower  than  that  of  the  latter  case  for  a 
given  energy  fluence. 

The  mechanism  of  laser  induced  damage  in  trans- 
parent solid  materials  appears  to  be  very  complicated. 
It  depends  upon  the  physical  properties  of  the  mate- 
rial, its  purity,  and  microscopic  imperfections.  The 
damage  threshold  of  the  surface  is  much  lower  than 
that  of  the  bulk  material.  This  indicates  that  the  im- 
perfections and  impurities  are  more  severe  on  the  sur- 
face. This  threshold  is  about  100  GW/cm2  for  fused 
quartz  and  somewhat  lower  for  optical  glasses  (9). 

For  the  plastic  materials  such  as  lucite,  due  to  the  low 
melting  temperature  and  imperfections,  the  thresh- 
olds are  about  42  J/cm2  (1.7  GW/cm2)  for  25  ns 
Q-switched  pulse  and  56  J/cm2  (56  KW/cm2)  for 
1 ms  free-running  mode  pulse  from  a neodymium 
laser.  For  powdery  plastic  materials  such  as  explo- 
sives it  could  be  even  lower.  As  in  the  case  of  gases, 
the  breakdown  is  volumetric,  therefore  the  resultant 
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shocks  are  lower  than  that  generated  on  metallic  sur- 
faces for  a given  laser  fluence. 

Transmission  of  low  power  light  in  transparent  ma- 
terials such  as  glass,  lucite  and  PETN  at  ruby  and  neo- 
dymium laser  wavelengths  is  about  the  same  as  in  the 
visible  regime  without  significant  absorption.  How- 
ever the  laser  damage  thresholds  at  high  power 
showed  a wavelength  dependence.  For  example,  the 
threshold  energy  fluences  (both  Q-switched  and  free- 
running  modes)  for  lucits  by  a ruby  laser  are  about  a 
factor  of  two  higher  than  those  by  a neodymium 
laser.  Theoretically,  this  may  be  due  to  that  the  rale 
of  energy  acquired  from  the  laser  by  the  electrons  is 
proportional  to  the  square  of  the  laser  wa  velength 
(7,8)  in  a laser  induced  electron  cascade  breakdown. 
If  the  material  has  selective  absorptions  at  the  laser 
wavelengths,  the  thresholds  will  be  even  lower. 

In  general,  the  Q-switched  laser  has  higher  power 
and  can  initiate  damages  and  generate  shocks  in  most 
materials.  The  normal  mode  laser  can  cause  heating 
of  metals  and  decomposition  of  plastic  materials. 

This  phenomenon  results  in  much  lower  temperatures 
and  pressures. 


SHOCKS  GENERATED  IN 
THIN  METAL  FILMS 

in  order  to  utilize  a laser  generated  shock  from  a 
metallic  surface,  it  is  natural  to  coat  a thin  metallic 
film  on  the  inner  surface  of  the  glass  window  of  the 
explosive  container  (10).  This  film  is  confined  be- 
tween the  window  and  t'.ie  explosive.  The  window 
serves  as  a part  of  the  confinement  of  the  explosive 
and  the  laser  pulse  entrance  port.  Under  irradiation 
from  a Q-switched  laser  the  film  generates  a shock 
wave  similar  to  an  exploding  foil.  Preliminary  studies 
by  Anderholm  and  Skeen  and  O’Keefe  (11,12)  have 
shown  that  shock  pressures  on  the  order  of  20  kbars 
can  be  generated  in  confined  aluminum  films. 

Yang  (13)  has  studied  the  phenomenon  in  detail 
with  a uniform  Q-switched  ruby  laser  beam.  The 
laser  pulse  was  IS  ns  in  duration,  with  a maximum 
energy  of  5 J in  a circular  area  6.35  mm  in  diameter. 
The  stress  waves  were  studied  by  using  the  piezoelec- 
tric response  of  X-cut  quartz  crystal  disks  of  the  same 
diameter.  Thin  films  made  from  twenty-six  different 
materials  were  studied.  The  thickness  of  the  films 
ranged  from  40  A up  to  1 /am  confined  between  two 


glass  disks.  The  main  features  are  summarized  as 
follows: 

1 . The  rise  time  of  the  stress  pulse  is  on  the  order 
of  the  total  laser  pulse  duration,  25  ns.  The  peak 
stress  occurs  at  the  end  of  the  Q-switched  laser  pulse, 
then  decreases  with  a fall  time  on  the  order  of  25  ns 
to  a prolonged  lower  amplitude  stress.  For  practical 
purposes,  the  stress  pulse  duration  can  be  considered 
to  be  twice  that  of  the  laser  pulse  (FWHM). 

2.  The  peak  stress  increases  linearly  with  the  en- 
ergy fluence  to  about  22  kbars  at  14  J/cm2. 

3.  The  peak  stress  is  insensitive  to  the  film  mate- 
rial. 

4.  The  peak  stress  is  insensitive  to  the  film  thick- 
ness except  for  high  thermally  conductive  metals,  and 
in  the  low  fluence  regime. 

5.  The  relevant  shock  generation  material  thick- 
ness in  the  film  is  probably  on  the  order  of  several 
hundred  Angstroms. 

6.  For  the  fluence  range  used  in  the  study,  the 
major  part  of  the  laser  energy  was  reflected,  trans- 
mitted or  used  for  ionization  and  ablation,  little  of 
the  energy  is  converted  to  the  stress  energy  (propor- 
tional to  the  square  of  the  stress,  about  1 0%  at  12 
J/cm2).  The  temperature  of  the  plasma  can  be  as 
high  as  105  °K. 

Experimental  measurements  using  larger  energy 
fluences  are  difficult  to  make  due  to  the  damage 
threshold  of  the  glass  window  and  the  nonlinearity  of 
quartz  response  under  high  stress.  Focusing  of  the 
laser  pulse  produces  a beam  spot  in  the  order  of  mm’s 
in  diameter  which  is  difficult  to  measure  because  the 
accuracy  of  the  x-cut  crystal  requires  a minimum 
crystal  diameter  to  thickness  latio  (^3).  Miniature 
crystals  satisfy  this  condition  but  will  not  have  suffi- 
cient writing  time  for  the  measurement.  Less  accurate 
measurements  indicate  that  the  linear  dependence  of 
the  peak  stress  on  the  energy  fluence  is  probably  valid 
up  to  80  kbars  (at  ^56  J/cm2).  For  fluences  beyond 
this  limit,  it  is  felt  that  the  stress  should  be  an  increas- 
ing function  of  the  fluence,  but  the  exact  functional 
dependence  is  unknown. 

The  effect  of  replacing  one  confining  glass  surface 
by  a nonporous  plastic  surface  is  easily  estimated 
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from  the  acoustical  impedance  of  the  material.  These 
have  been  verified  by  experiments.  The  peak  stress 
will  decrease  about  1 5%  with  more  stress  energy  being 
generated  in  the  plastic  than  in  the  glass.  If  porous 
plastic  materials  such  as  the  explosives  are  used  as  one 
confining  surface,  the  situation  is  more  complicated. 
The  low  impedance  of  the  air  will  reduce  the  peak 
stress.  If  a large  area  contact  point  exists  between  the 
explosive  grains  and  the  film,  the  local  stress  gener- 
ated in  the  former  may  be  independent  of  the  pres- 
ence of  air.  This  condition  depends  upon  the  poros- 
ity of  the  explosive  and  the  expansion  velocity  of  the 
plasma  (which  is  low  at  low  energy  fluence  near  the 
initiation  threshold  for  a number  of  explosives). 

The  laser  pulse  duration  effect  on  stress  generation 
has  not  been  experimentally  studied  in  detail.  At  a 
first  glance,  the  thermal  penetration  depth  is  approxi- 
mately proportional  to  the  square  root  of  the  pulse 
duration.  Therefore,  for  the  same  amount  of 
Q-switched  energy,  the  shorter  the  pulse,  the  larger 
the  stress  produced  due  to  the  larger  energy  density 
in  the  heated  part  of  the  surface.  However,  since  the 
independence  of  the  stress  from  the  film  material  and 
thickness,  at  high  energy  fluence,  indicated  that  the 
heat  transfer  is  not  a dominant  factor.  Other  proc- 
esses, such  as  the  heating  and  the  growth  of  the  con- 
fined dense  plasma,  may  have  a weak  dependence  on 
the  pulse  duration.  Peercy,  et  al.  (14, 15)  have  stud- 
ied stresses  generated  by  picosecond-duration  laser 
pulses.  Their  results  showed  that  these  short  pulses 
were  more  effective  in  stress  generation.  However, 
the  increase  in  the  peak  stress  was  not  large  enough  to 
fit  the  thermal  penetration  depth  estimation.  Prelimi- 
nary experiments  in  JPL  have  shown  that  1 5 ns  and 
25  ns  duration  laser  pulses  of  the  same  energy  pro- 
duced about  the  same  peak  stresses.  The  stress  gen- 
eration does  not  depend  upon  the  laser  wavelength. 
The  light  absorption  characteristics  show  some  differ- 
ences between  6943  A and  1 .06  ptm  of  wavelengths 
for  different  metals.  However,  the  energy  required 
for  initial  breakdown  is  very  small  as  compared  to 
that  required  in  the  subsequent  heating  of  the  plasma. 
The  process  in  the  latter  is  not  very  wavelength  de- 
pendent. Pulsed  C02  lasers  with  a wavelength  of 
10.6  pan  can  be  used  to  efficiently  generate  shock 
waves  as  well. 


THIN  FILM  SHOCK  INITIATION 

Yang  and  Menichelli  (16,17)  have  applied  the  thin 
metal  film  Q-switched  laser  interaction  generated 


shock  to  initiate  a number  of  insensitive  high  explo- 
sives such  as  PETN,  RDX,  tetryl  and  HNS.  A 
Q-switched  ruby  laser  with  a duration  of  25  ns  and  a 
maximum  energy  of  4 J in  a 1 .43  cm  diameter  beam 
was  used.  The  focused  beam  spot  on  a 1000  A-thick 
aluminum  film  deposited  on  the  explosive  unit  win- 
dow near  the  focal  point  of  a 30  cm  focal,  length  con- 
vergent lens  was  estimated  to  have  a diameter  of  1 .5 
mm.  The  explosive  columns  were  1 to  4 mm  in  diam- 
eter over  20  mm  in  length.  The  explosive  fixtures 
had  a lucite  rod  or  glass  wall  view  port  optics  in  con- 
tact with  the  explosive  columns  for  smear  camera  re- 
cording of  the  detonation. 

The  initiation  of  coarse  particle  size  (>  100m)  ex- 
plosives appeared  to  be  difficult.  High  density  PETN 
(1 .64  g/cm3)  showed  a strong  transition  phenomenon 
from  about  2 mm/ ms  to  about  5.6  mm  /ms  in  a run  dis- 
tance of  25.4  mm.  No  detonations  were  observed  for 
RDX  at  the  maximum  luser  energy  in  an  explosive 
column  length  on  the  order  of  25  mm.  For  fine 
milled  PETN  and  RDX  (particle  size  less  than  40m)» 
instantaneous  detonations  were  observed  at  various 
densities.  No  transition  from  low  velocity  detonation 
to  high  velocity  detonation  was  observed  (i.e.,  zero 
run  distance).  The  steady-state  detonations  were 
either  reached  at  the  explosive-thin  film  interface  or 
transited  from  a super  detonation  velocity  (several 
times  higher  than  steady  state  detonation  velocity) 
which  occurred  in  the  first  few  millimeters  of  the 
charge  column.  Within  the  experimental  resolution, 
there  was  a possible  time  delay  in  the  order  of  0.5  pis 
or  less  for  the  detonation  originated  at  the  film  end 
of  the  explosive.  This  time  may  be  related  to  the  re- 
action rate  of  the  explosive  because  it  is  more  promi- 
nent at  lower  laser  energies. 

Approximate  instantaneous  detonation  thresholds 
were  observed  for  1.58  g/cm3  PETN,  1.18  g/cm3 
RDX  and  1 .52  g/cm3  RDX  to  be  0.63  J,  0.8  J and 
2.26  J or  35.6  J/cm2, 45.3  J/cm2  and  127.9  J/cm2 
respectively.  The  35.6  J/cm2  of  fluence  generates 
about  50  kbars  of  pressure  which  is  close  to  the  shock 
sensitivity  of  PETN  at  this  density  and  the  short  (or 
nil)  rm  distance,  as  determined  in  long-duration  ex- 
plosive driven  shock  initiation  experiments  (18).  It  is 
well  known  that  the  threshold  shock  initiation  sensi- 
tivity for  a given  explosive  increases  with  the  shock 
duration.  However,  for  short  run  distance  (<  1 mm) 
initiations  the  pulse  duration  has  no  effect  on  the  re- 
quired initiation  shock  strength  (19).  The  threshold 
shock  sensitivity  which  has  a long  run-distance  and 
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has  been  defined  in  small-scale  gap  tests,  is  difficult  to 
be  observed  in  the  laser  shock  initiation.  The  short 
pulse  duration  of  the  laser  generated  shock  presum- 
ably decreases  this  sensitivity  to  a value  very  close  to 
the  shock  strength  required  for  sub-millimeter  run 
distance  detonations  initiated  by  long  duration 
shocks  (19).  So  that  in  laser  initiation  experiments 
one  normally  observes  either  instantaneous  detona- 
tion or  burning  without  detonation  in  an  explosive 
column  less  than  2.0  cm  in  length. 

The  initiation  of  1 .08  g/cm3  tctryl  also  did  not 
show  any  transition  from  low  velocity  detonation  to 
the  steady  state  detonation.  Up  to  1 .5  /as  after  the 
laser  pulse  no  activity  was  observed  by  the  smear 
camera.  Then  it  appeared  to  react  at  a speed  3 to  4 
times  higher  than  the  steady  state  detonation  speed. 
The  latter  state  was  reached  in  less  than  0.2  ns  in  a 
distance  of  about  5 mm  from  the  initiation  end.  It  is 
not  known  whether  this  was  a true,  superdetonation 
or  because  the  initiation  energy  of  3.2  J was  below  its 
instantaneous  detonation  threshold  so  that  a reactive 
induction  period  is  necessary.  This  behavior  does  not 
fit  the  run-distance  concept  by  definition.  The  fail- 
ure of  high  density  RDX  (1 .64  g/cm3),  tetryl  and  low 
density  HNS  and  diapam  to  detonate  can  be  under- 
stood. The  shock  initiation  strengths  for  short  run 
distance  initiation  are  well  above  100  kbars  for  these 
explosives  at  these  densities. 

Recently,  Wright  (20)  has  studied  the  initiation  of 
0.9  g/cm3  PETN  by  Q-switched  neodymium  laser 
irradiated  thin  aluminum  films.  The  explosive  col- 
umn was  3.2  mm  in  diameter  and  5.9  mm  in  length. 
The  beam  spot  size  at  the  film  ranged  1 .3  to  2.3  mm 
in  diameter.  The  detonation  propagation  time  was 
monitored  by  a piezoelectric  shock  arriving  detection 
pin.  The  observed  initiation  threshold  energy  fluence 
using  a 500  A film  ranged  from  1 to  3 J/cm3  depend- 
ing upon  the  spot  size  and  using  a 2000  A-thick  film 
was  about  1 1 J/cm2 . The  latter  corresponds  to  a 
shock  strength  of  17  kbars  (13)  which  is  close  to  the 
shock  strength  required  to  achieve  short  run  distance 
detonation  initiation  of  PETN  near  this  density  (21). 
The  former  correspond  to  2 to  4 kbars  (13)  which  are 
close  to  the  threshold  shock  initiation  sensitivity  at 
this  density  by  long  pulse  shocks.  The  average  deto- 
nation speed  measured  on  the  order  of  4200  m/sec  is 
close  to  the  ideal  detonation  velocity  at  this  density 
and  with  this  diameter.  It  is  suspected  that  this  low 
shock  instantaneous  detonation  is  due  to  the  temper- 
ature effect.  The  500  A-thick  film  produces  a plasma 


which  can  heat  up  and  ablate  the  PETN  in  contact 
with  it.  The  fast  release  of  the  internal  energy  of  the 
explosive  will  be  effective  in  accelerating  the  detona- 
tion process.  With  a thick  film,  that  part  of  the  film 
behind  the  plasma  and  in  contact  with  the  explosive 
is  at  a lower  temperature  and  serves  as  a thermal  in- 
sulator to  shield  tire  much  hotter  plasma  from  the  ex- 
plosive. Therefore,  the  origin  of  the  initiation  is  due 
to  shock  rather  than  to  heat  in  this  case.  This  point 
of  view  has  been  taken  by  Leopold  in  the  study  of 
EBW  initiation  of  low  density  PETN  (22). 

DIRECT  INITIATION  BY 
Q-SWITCHED  LASER 

As  discussed  previously,  the  mechanism  of  the  ini- 
tiation is  due  to  the  laser  initiated  breakdown  in  the 
explosive  and  subsequent  heating  of  the  plasma  so 
generated.  The  phenomenon  depends  upon  the  im- 
perfection of  the  explosive  crystals  and  impurities 
such  as  small  foreign  particles.  Therefore,  it  usually 
has  poor  reproducibility.  The  onset  energy  fluence 
for  this  process  is  higher  than  that  of  the  breakdown 
of  a metallic  surface.  In  plastic  materials,  due  to  the 
interaction  involving  a larger  volume  of  materials,  the 
temperature,  energy  density  of  the  plasma  and  the 
shock  so  generated  are  lower  than  in  the  cases  for 
metallic  surfaces  for  a given  energy  fluence.  The 
plasma  temperature  is  at  least  an  order  of  magnitude 
lower  than  in  the  latter  case.  Preliminary  measure- 
ment of  stress  generated  in  laser  absorptive  colored 
glass  irradiated  by  a Q-switched  laser  is  also  about  one 
order  of  magnitude  lower  than  in  the  case  of  thin 
metallic  films  for  a given  energy  fluence.  A lower 
stress  is  expected  from  the  breakdown  of  plastics. 

The  significant  difference  here  is  that  the  laser  en- 
ergy is  being  absorbed  in  the  explosives.  The  high 
chemical  energy  density  of  the  explosive  in  this  case 
is  equal  or  greater  than  that  provided  by  laser  absorp- 
tion or  stress.  Currently  the  best-fit  empirical  equa- 
tion of  state  for  completely  reacted  secondary  high 
explosive  products  is  that  proposed  by  Jones,  Wilkins 
and  Lee  (23,24).  According  to  this  equation,  high 
pressures  exceeding  100  kbars  can  be  developed  for 
completely  reacted  explosive  products  under  ideal 
adiabatic  and  zero  volume  expansion  conditions.  In 
reality,  explosives,  especially  the  porous  ones  have 
very  low  acoustical  impedance  and  show  large  com- 
pressibility under  high  pressure  so  that  the  maximum 
pressure  that  can  be  developed  in  this  way  is  presum- 
ably much  less  than  the  ideal  values. 
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It  appears  to  be  reasonable  that  the  reaction  rate 
in  the  Q-switched  laser  induced  breakdown  regime  of 
the  explosive  can  be  extremely  fast.  If  one  uses  the 
well  known  exponential  dependence  of  the  time  de- 
lay on  the  activation  energy  in  an  isothermal  reaction 
of  the  explosive,  at  a temperature  rise  on  the  order  of 
400  °C,  the  time  delay  will  be  in  the  nano-seconds 
regime.  Therefore  it  appears  feasible  to  have  a fast  re- 
lease of  the  chemical  energy  during  the  laser  pulse  ir- 
radiation. This  view  is  inconsistent  with  the  critical 
thermal  energy  theory  (25,26)  and  the  adiabatic  com- 
pression of  porous  explosives  (18).  They  predicted 
that  the  energy  dissipated  into  heat  by  the  shock  are 
small  and  the  temperature  rise  is  on  the  order  of  sev- 
eral hundred  degrees.  The  laser  heating  can  locally 
heat  the  explosives  beyond  that  in  the  detonation 
front  (-V3000  °K). 

While  the  quantitative  understanding  of  the  initia- 
tion mechanism  in  terms  of  shock  strength  is  not 
available  at  this  time,  there  is  more  independent  ex- 
perimental data  in  this  area  than  that  in  the  thin  film 
shock  initiation.  Brish,  et  al.  (27,28)  have  studied 
the  initiation  of  low  density  (1.0  g/cm3)PETN  con- 
fined in  transparent  plastic  containers  by  using  an  0.1 

duration,  0.5  J maximum  energy  Q-switched  neo- 
dymium laser.  Instantaneous  detonation  was  cited 
based  on  the  reaction  time  measured  by  a photocell 
technique.  Qualitative  results  on  the  time  delay  as  a 
function  of  energy  fluence,  threshold  initiation  en- 
ergy fluence  as  a function  of  explosive  density  and 
laser-explosive  interaction  spot  diameter  were  ob- 
tained. 

Barbarisi  and  Kessler  (29,30,3 1)  have  studied  the 
initiation  of  thin  PETN  samples  under  9.3  X 107 
N/m2  (13.5  kpsi)  of  pressure  by  using  a Q-switched 
ruby  laser  of  50  ns  duration.  The  laser  spot  area  at 
the  explosive  was  roughly  1 mm2 . Initiation  energy 
thresholds  on  the  order  of  0.02  to  0.03  J were  ob- 
served. The  average  detonation  velocity  observed  by 
a photodiode  at  a maximum  sample  thickness  of  2.7 
mm  was  on  the  order  of  1250  m/s.  It  was  not  known 
whether  this  deflagration  type  transition  was  due  to 
the  small  laser  spot  size  or  large  particle  size  of  the 
explosive  used  in  their  experiment. 

Yang  and  Menichelli  (16,17)  have  studied  the  ini- 
tiation of  a number  of  secondary  high  explosives  di- 
rectly by  Q-switched  ruby  laser.  The  experimental 
conditions  were  identical  to  those  used  in  their  thin 
film  shock  initiation  experiments.  The  critical  effects 


of  the  explosive  particle  size  were  the  same  as  before. 
Instantaneous  detonation  was  observed  in  fine  milled 
PETN  and  RDX  at  several  densities.  The  detonation 
features  as  observed  by  a smear  camera  were  about 
the  same.  The  threshold  laser  energies  for  high  den- 
sity PETN  (1 .58  g/cm3)  were  about  the  same  in  these 
two  cases,  i.e.,  0.63  J (36.6  J/cm2).  The  thin  film 
technique  appeared  to  be  slightly  more  effective  in 
initiating  RDX.  At  0.8  J of  laser  energy  RDX  (1.18 
g/cm3)  can  be  detonated  without  the  film,  but  there 
was  a time  delay  of  2 Msec  before  the  appearance  of 
detonation  at  the  window-explosive  interface.  1 .52 
g/cm3  RDX  was  successfully  instantaneously  deto- 
nated at  higher  laser  energies.  Tetryl  detonation 
could  not  be  initiated  at  the  highest  energy  of  3.2  J 
delivered  to  the  explosive  without  the  film.  These  re- 
sults indicate  that  shock  strengths  up  to  about  80 
kbars  (corresponding  to  the  instantaneous  detonation 
of  1 .52  g/cm3  RDX)  can  be  developed  in  the  insen- 
sitive high  explosives  by  Q-switched  laser  energy. 

Recently  Q-switched  laser  initiation  of  PETN  was 
studied  by  Mavis  and  Wright  (33).  A Q-switched  neo- 
dymium laser  was  used.  The  focused  (30  cm  focal 
length)  beam  spot  size  at  the  explosive  was  estimated 
to  be  1.5  mm  in  diameter.  The  charge  column  dimen- 
sions were  3.32  mm  in  diameter  and  3 to  5 mm  in 
length.  The  initiation  threshold  energy  fluences  for 
PETN  density  of  1 .0, 1 .2, 1 .4  and  1 .6  g/cm3  were  ob- 
served to  be  5, 7,  13  and  IS  J/cm2  respectively.  The 
apparent  lower  thresholds  when  compared  to  Yang 
and  Menichelli’s  ruby  laser  results  could  have  been 
due  to  a wavelength  effect  as  discussed  previously. 
The  detonations  were  judged  to  be  instantaneous,  be- 
cause the  average  propagation  velocities  measured  by 
the  shock  pin  method  (about  4,000  m/s  for  1.0  g/cm3 
and  7000  m/s  for  1 .6  g/cm3)  were  close  to  the  steady 
detonation  velocities  at  these  densities  and  charge 
diameter. 


FREE-RUNNING  MODE 
INITIATED  DDT  PHENOMENA 

Low  energy  (<  10  J)  free-running  mode  laser 
pulses  cannot  be  used  to  produce  high  strength  shock 
waves.  Therefore,  initiation  is  definitely  due  to  heat 
and  detonation  can  be  achieved  only  through  the 
DDT  process.  In  the  DDT  phenomenon,  the  impor- 
tant parameter,  porosity,  is  well  recognized  (33,34). 
Low  porosity  reduces  free  volume  in  the  explosive,  al- 
lowing the  rapic  pressure  build-up.  In  this  sense  laser 
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offers  an  additional  advantage  over  conventional 
pyrotechnic  igniter  materials.  The  latter  have  a high 
theoretical  energy  density  (Kcal/gm);  however,  the 
high  solid  end  products  and  diificulties  in  achieving  a 
high  TMD  reduce  the  pressures  which  are  limited  to 
several  kilobars.  When  they  are  used  to  initiate  DDT 
phenomenon,  the  volume  occupied  by  the  reacted 
materials  at  low  pressure  becomes  a load  to  the  de- 
flagration of  high  explosives.  Therefore,  the  DDT 
process  has  been  decelerated.  The  use  of  a laser  pulse 
can  achieve  the  desired  heat  initiation  of  high  explo- 
sives, yet  it  will  not  interfere  with  the  conditions  for 
rapid  pressure  build-up. 

After  one  has  achieved  the  confinement  effective- 
ness, the  next  important  parameter  is  the  volumetric 
initiation.  The  common  hotwire  technique  can  pro- 
vide a local  high  temperature  but  at  the  sacrifice  of 
the  heating  depth.  The  small  ignition  depth  in  high 
explosives  cannot  generate  enough  gas  to  compensate 
for  the  volume  expansion  due  to  the  compression  of 
unbumed  high  explosives  under  high  gas  pressure. 

The  percentage  heat  loss  rate  is  also  larger  for  a 
smaller  reaction  depth.  Therefore,  the  reaction  may 
be  rapidly  quenched  and  terminated.  Successful  volu- 
metric DDT  initiation  has  been  demonstrated  previ- 
ously by  using  electrical  discharges  in  PETN  (35)  and 
RDX  (36).  Laser  energy  can  penetrate  the  high  ex- 
plosives to  heat  them  in  depth  much  easier  and  repro- 
ducible than  this  technique.  A more  favorable  initia- 
tion condition  can  thus  be  achieved.  The  thermal 
time  constant  of  a cubic  high  explosive  with  volume 
1 mm3  is  on  the  order  of  1 sec,  for  common  experi- 
mental conditions.  If  a free-running  laser  pulse  of 
1 millisecond  duration  is  used  for  the  heating,  the 
process  is  very  nearly  adiabatic. 

As  it  has  been  previously  discussed,  insensitive 
high  explosives  are  capable  of  producing  extremely 
high  pressures  under  efficient  reaction  (but  not  deto- 
nated) and  ideal  confinement.  In  a laser  initiated 
DDT  detonator,  the  explosive  container  and  the  opti- 
cal window  can  be  designed  to  withstand  very  high 
pressures  without  significant  yield.  The  weakest  con- 
fining element  is  the  explosive  itself.  For  practical 
purposes,  the  loading  pressure  of  the  explosives  can- 
not exceed  6.9  X 108  N/m2  (100  Kpsi).  Therefore, 
when  the  pressure  build-up  reaches  this  pressure,  sig- 
nificant collapse  of  the  explosive  will  occur.  The 
burning  rate  of  dense  high  explosive,  e.g.,  HMX  at 
moderate  high  pressures  up  to  3.5  X 108  N/m2  (50 
Kpsi)  is  quite  slow  (on  the  order  of  10  cm/sec)  (37). 


The  deflagration  speed  will  not  reach  mm/^s  regime 
until  the  pressure  is  approaching  the  threshold  shock 
sensitivity  of  the  explosive  corresponding  to  the  ex- 
plosive density.  Therefore  rapid  build-up  of  the  pres- 
sure to  this  threshold  sensitivity  in  a finite  part  of  the 
explosive  and  follow-up  transition  to  full  detonation 
in  the  rest  part  of  the  explosive  is  feasible  in  the  laser 
initiated  detonator. 

A limited  amount  of  work  by  Brish,  et  al.  (27,28) 
and  Barbarisi  and  Kessler  (29-31)  on  free-running 
laser  initiation  of  PETN  demonstrated  the  initiation 
but  they  did  not  show  evidence  of  achieving  detona- 
tion. 

The  first  demonstration  of  reliable  DDT  (PETN 
and  RDX)  from  a free  running  laser  were  performed 
at  Space  Ordnance  System  Inc.  (38).  PETN  columns 
about  2.5  mm  in  diameter  and  25  mm  in  length  were 
loaded  under  5.5  X 108  N/m2  (80  Kpsi)  inside  a steel 
body  and  against  a window  (glass  to  metal  seal).  The 
glass  to  metal  interface  was  hermetically  sealed  and 
taper  shaped  to  improve  pressure  stand  off.  The  two 
ends  of  the  window  were  approximately  2.5  mm  and 
2.0  mm  in  diameter  and  the  window  thickness  was 
about  2.1  mm  (2).  The  window  was  tested  to  with- 
stand 6.9  X 108  N/m2  (100  kpsi)  hydraulic  pressure 
(the  maximum  capability  of  the  testing  apparatus); 
therefore  much  higher  transient  pressure  resistance 
can  be  expected.  Upon  receiving  the  free-running 
laser  pulse  (1 .0  ms  in  duration)  the  detonator  was  ini- 
tiated. Based  on  the  observed  deformation  of  the 
detonator,  a weak  detonation  started  at  about  the 
6 mm  position  and  developed  to  steady  state  deto- 
nation at  about  the  20  mm  position.  With  2 J of 
focused  (2.54  cm  focal  length)  neodymium  laser  en- 
ergy through  about  a 10  m length  of  conventional 
high-loss  glass  fiber  optic  bundle,  DDT  can  be 
achieved.  This  corresponds  to  an  energy  sensitivity 
of  the  order  of  0.05  J or  less  based  upon  the  known 
attenuation  of  the  fiber  bundle.  This  energy  is  close 
to  the  recently  established  shock  initiation  thermal 
energy  density  of  0.06  J/mm3  for  PETN  (26,27)  if 
one  uses  a reasonable  assumption  that  about  1 mm3 
of  PETN  took  part  in  the  laser  heating. 

RDX  detonators  constructed  in  the  same  way 
showed  the  distance  to  steady  state  detonation  to  be 
longer  than  25  mm.  A two-column  air  gap  flyer-plate 
design  similar  to  that  in  Ref.  36  was  used  with  the  ex- 
ception of  replacing  the  arcing  discharge  mechanism 
by  the  window.  Successful  full  detonation  was 
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achieved  for  total  charge  column  length  on  the  order 
of  25  mm.  The  reaction  time  for  this  type  detonator 
using  a focused  (2.54  cm  focal  length)  ruby  or  neo- 
dymium laser  pulse  (1 .0  ms  duration)  and  through 
about  0.6  m long  liber  optic  bundle  was  measured 
using  photodiodes.  The  reaction  time  measured  was 
560  ns  for  the  4 J neodymium  laser  and  240  ns  for 
the  5 J ruby  laser.  The  induction  time  (i.e.,  heating 
time)  was  not  measured  but  is  suspected  to  be  the 
major  part  of  the  total  reaction  time. 

Later,  the  use  of  small  amount  of  zirconium  pow- 
der doping  to  sensitize  the  detonators  toward  laser 
initiation  was  qualitatively  demonstrated  (39). 

The  mechanism  appears  reliable  both  theoretically 
and  experimentally.  It  is  attractive  for  practical  ap- 
plications because  a compact  free-running  mode  laser 
package  is  much  simpler  to  design  and  construct  than 
a compact  Q-switched  laser  package.  In  applications 
where  detonator  response  times  are  not  critical,  such 
as  in  the  missile  systems,  this  mechanism  can  be  used 
reliably. 


CLOSING  REMARKS 

It  is  apparent  that  there  are  many  areas  in  the  laser 
initiation  of  insensitive  high  explosives  which  need  to 
be  investigated  further.  However,  based  upon  the 
limited  available  results,  the  mechanism  has  exhibited 
a number  of  unique  features  which  cannot  be  achieved 
by  the  conventional  initiation  mechanisms.  High 
shock  strengths  are  produced  which  can  detonate  in- 
sensitive secondary  high  explosives  loaded  at  high 
densities.  Initiation  of  PETN  and  RDX  by  Q-switched 
laser  is  instantaneous,  which  will  allow  a higher  de- 
gree of  simultaneity  to  be  achieved.  The  initiation 
thresholds  are  low  which  makes  it  suitable  for  practi- 
cal applications.  The  transmission  of  laser  energy  by 
using  fiber  optics  can  be  achieved  with  ease  without 
the  inconvenience  of  electrical  circuit  parameter  in- 
terferences associated,  for  example,  with  EBW  sys- 
tems. Simultaneous  initiation  of  a large  number  of 
detonators  can  be  achieved  with  a laser  pulse  energy 
of  the  order  of  10  J. 

Laser  initiation  can  be  used  as  a powerful  tool  to 
study  the  explosive  initiation  process.  Initiation  by 
picosecond-duration  shocks  generated  by  mode  lock- 
ing laser  techniques  appear  to  be  interesting  for  this 
type  of  study,  because  the  stress  width  induced  in  the 


explosive  is  on  the  order  of  several  hundred  Ang- 
stroms. Free-running  laser  initiation  can  be  used  very 
effectively  in  the  DDT  phenomenon  studies.  It  is 
worthwhile  to  mention  that  currently  the  laser  energy 
and  power  available  are  about  2 to  3 orders  of  magni- 
tude higher  than  those  mentioned  in  this  paper. 
Therefore,  if  the  laser  is  used  as  a tool  for  initiation 
studies  its  capability  is  far  reaching. 
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A manganin  wire  pressure  gauge  technique  is  described.  The  technique  has  been  ex- 
tensively used  in  shock  work  on  inert  solids  and  is  now  being  applied  to  the  meas- 
urement of  detom.lion  wave  profiles.  Two  experimented  configurations  are  used 

(a)  The  gauge  assembly  is  sandwiched  between  two  pieces  of  explosive  and  gives  a j 

direct  measure  of  detonation  pressure,  ( b ) The  gauge  assembly  is  sandwiched  be- 
tween two  aluminium  plates,  one  In  contact  with  explosive,  and  the  detonation  pres- 
sure is  calculated  from  the  recorded  pressure  using  a mismatch  method.  The  results 

are  analysed  using  the  program  RICSHA  W.  A best  fit  to  the  Taylor  wave  using  < 

RICSHA  W gives  detonation  pressures  which  are  greater  than  the  peak  measured  val- 
ues by  an  amount  varying  from  6 kb  for  Baratol  to  20  kb  for  HMX /Inert.  Best  fit 
values  are,  Baratol- 160  kb,  Composition  B ( pressed)-285  kb  and  HMX /Inert- 
355  kb. 


INTRODUCTION 

At  the  Fifth  Symposium,  methods  (1-7)  for  deter- 
mining pressure  of  explosives  were  described.  How- 
ever, with  the  exception  of  one  paper,  all  the  methods 
measured  flow  variables  other  than  pressure,  and  det- 
onation pressure  was  inferred  from  the  assumed 
Chapman-Jouguet  equations.  The  one  method  of 
measuring  pressure  directly  (4)  used  a carbon  piezo- 
resistive  gauge  to  determine  detonation  pressure  in 
very  low  density  explosive  systems. 

The  purpose  of  this  paper  is  to  describe  the  appli- 
cation of  the  manganin  wire  pressure  gauge  to  the 
measurement  of  detonation  pressure  In  high  density 
explosives.  The  manganin  gauge  has  been  successfully 
used  for  a number  of  years  in  equation  of  state  work 
on  inert  solid  materials  (8-12),  and  reliable  data  has 
been  obtained  at  pressures  up  to  about  400  kb. 

In  the  experiments  described  in  this  paper  two  ex- 
perimental configurations  were  employed  to  obtain 
pressure  time  profiles  of  the  detonation  wave  in 
Baratol,  Composition  B (Cast  and  pressed)  and  HMX/ 
inert. 


With  a manganin  gauge  buried  inside  an  explosive, 
one  expects  to  observe  a step  rise  to  a peak  pressure 
followed  by  a slow  decay  in  pressure  due  to  the 
Taylor  wave  following  the  detonation  wave.  Apart 
from  possible  reaction  zone  effects,  the  peak  pressure 
should  correspond  reasonably  well  to  the  detonation 
pressure  and  the  part  of  the  Taylor  wave  recorded 
should  give  information  about  the  expansion  behav- 
iour of  the  equation  of  state  for  the  detonation  prod- 
ucts. However  account  needs  to  be  taken  of  the 
finite  thickness  of  the  gauge  assembly  in  interpreting 
the  pressure  records.  The  results  of  the  experiments 
have  therefore  been  compared  with  calculations  using 
a ID  unsteady  hydrodynamics  code  R1CSHAW  (13) 
which  includes  a representation  of  the  gauge  assembly 

EXPERIMENTAL  TECHNIQUE  AND  RESULTS 
Design  of  Manganin  Gauge 

The  manganin  wire  (Composition  Cu-86%,  Mn, 
Ni-2%)  comes  from  stock  held  at  AWRE  which  has 
provided  the  wire  for  all  manganin  gauges  used  at  this 
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laboratory.  The  wire  is  0.127  mm  diameter  and  for 
use  in  the  gauge  it  is  flattened  to  a thickness  of  0.03 
mm  and  width  0.40  mm.  The  gauge  is  formed  by 
making  connection  to  a 1 5 mm  strip  of  manganin 
wire  with  two  copper  foil  strips  1 1 mm  wide  and  0.06 
mm  thick  as  illustrated  in  Fig.  1 . The  wire  strip  is  sol- 
dered to  the  copper  and  the  junction  so  formed  is 
0.09  mm  thick.  The  gauge  resistance  is  low  (—  0.50) 
and  this  helps  to  minimise  the  shunting  effects  of  any 
possible  parallel  conduction  paths. 

The  Insulator 

In  earlier  work  (8,9)  the  insulation  of  the  gauge 
was  provided  by  a loaded  epoxy  resin  and  in  practice 
it  was  found  that  the  minimum  reliable  thickness  of 
this  insulation  was  about  0.63  mm.  In  order  to  in- 
crease the  time  resolution  of  the  gauge  the  insulation 
was  changed  to  polytetrafluorethylene  (PTFE)  sheet, 
and  a range  of  thicknesses  have  been  tried.  All  thick- 
nesses (>0.025  mm)  have  worked  in  the  sense  that 
stress  profiles  of  the  correct  amplitude  and  duration 
have  been  recorded  in  inert  solids.  The  useful  record- 
ing time  is  normally  limited  by  the  wire  shorting 
through  the  insulation  or  by  the  wire  circuit  being 
broken.  In  order  to  ensure  an  adequate  recording 
time  it  has  been  found  that  insulation  sheets  of  0.13 
mm  thickness  are  required  for  measurements  in  inert 
solids  up  to  300  kb.  In  the  present  experiments 
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Fig.  1.  Manganin  wire  measuring  station. 


where  measurements  arc  made  directly  in  explosives 
the  PTFE  insulation  thickness  is  substantially  in- 
creased to  allow  for  the  possible  effects  of  a high  tem- 
perature environment. 

It  is  of  interest  to  note  that  Champion  (14)  has  re- 
ported measurements  on  the  electrical  resistivity  of 
PTFE  as  a function  of  shock  pressure  and  finds  that 
the  resistivity  decreases  from  1016nm  at  atmospheric 
pressure  to  80£2m  at  540  kb.  However  in  samples 
< 1 3 mm  thick  an  anomolous  result  was  obtained  in 
that  no  measurable  decrease  in  resistivity  was  ob- 
served during  shock  compression. 

The  Measuring  Station 

The  layout  is  shown  in  Fig.  1 . The  small  quantity 
of  epoxy  resin  used  is  outgassed  under  vacuum  then 
poured  over  the  wire  and  allowed  to  set  with  the  as- 
sembly clamped  between  end  plates.  Considerable 
care  is  taken  to  exclude  air  from  the  system  between 
the  PTFE  sheets  and  around  the  wire.  The  gauge  is 
essentially  simple  in  construction  and  can  be  assem- 
bled by  relatively  unskilled  labour.  The  overall  thick- 
ness of  the  measuring  station  is  0.30  mm  and  the 
transit  time  of  a shock  is  approximately  0.05  /is.  As 
already  mentioned  additional  insulation  is  provided 
where  measurements  are  made  directly  in  the  explo- 
sive and  here  a further  PTFE  sheet  0.23  mm  thick  is 
added  to  each  side  of  the  measuring  station  (see  Fig. 
2(a))  giving  a total  thickness  in  this  case  of  0.76  mm 
and  a transit  time  of  0.13  /is. 

Calibration  and  Measurement 

The  stress  coefficient  of  resistance  for  the  present 
gauge  system  has  been  well  established  (8,9,10)  with 
the  value  0.00236  kb-1  and  a standard  deviation 
of  <0.3%.  This  calibration  has  been  carried  out  at 
shock  pressures  up  to  300  kb  with  no  departure  from 
a linear  dependence  of  resistance  with  pressure  being 
observed.  The  calibration  was  carried  out  in  experi- 
ments where  the  gauge  was  sealed  in  aluminum  blocks 
and,  here  the  velocity  of  an  impacting  flying  plate 
and  the  consequent  shock  velocity  as  measured  by 
timing  probes  were  used  to  calculate  the  peak  stress. 
Calibration  checks  are  made  at  regular  intervals. 

The  measuring  system  uses  a pulsed  constant  cur- 
rent source,  tripped  by  a suitably  timed  signal  from  a 
probe  in  the  explosive,  which  energises  the  manganin 
wire  12  /is  before  the  arrival  of  the  pressure  pulse  to 
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be  measured.  The  voltage  across  the  wire  is  moni- 
tored directly  on  the  plates  of  a high  speed  oscillo- 
scope via  a 7 5 £2  cable  link. 

The  measured  shock  pressure  is  given  by  P = 423.2 
(R/Ro-1)  kb  where  R = Resistance  of  wire  under 
shock  loading,  and  Ro  = original  wire  resistance. 

The  accuracy  with  which  R/Ro  is  measured  de- 
pends on  Ro  (known  to  better  than  0.3%)  and  on  the 
measured  voltage  ratio  from  the  recordings.  (In  this 
connection  the  oscilloscope  tube  Y deflection  linear- 
ity is  better  than  2%.) 


R itself  may  become  complicated  in  time  by  vari- 
ous effects,  etc.,  which  as  mentioned  earlier  put  a 
limit  to  the  available  recording  times  of  the  gauges. 

Experimental  Assembly 

Two  experimental  configurations  are  used  and  are 
shown  in  Figs.  2(a)  and  (b).  In  type  A the  manganin 
wire  measuring  station  is  placed  between  two  cylin- 
ders of  explosive  of  127  mm  diameter,  and  here  the 
wire  measures  the  detonation  pressure  profile  directly, 
following  initial  reverberations  in  the  measuring  sta- 
tion. In  type  B a similar  explosive  charge  is  used  but 
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Fig,  2.  Experimental  layout. 
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the  second  cylinder  is  replaced  by  an  aluminium  plate 
assembly  into  which  the  measuring  station  is  located 
as  in  Fig.  2(b)  and  the  detonation  pressure  in  the  ex- 
plosive is  determined  by  an  impedance  mismatch 
method.  In  all  experiments  a plane  wave  explosive 
lens  is  used  and  the  measurement  is  made  essentially 
in  one  dimensional  conditions. 

Experimental  Results 

Examples  of  wire  recordings  are  shown  in  Fig.  3. 
Here  the  base  line,  1 , corresponds  to  zero  volts  across 
the  wire,  and  the  voltage  level,  2,  is  due  to  the  pulsed 
constant  current  through  the  wire.  The  signal  in  Fig. 
3(a)  from  a type  A experiment  shows. multiple  peaks 
due  to  reverberations  in  the  gauge  assembly.  The  sig- 
nal continues  for  “ 5 ps  before  a break  is  indicated  in 
the  wire  circuit.  Recording  from  a type  B experiment 
is  given  in  Fig.  3(b)  and  a single  reverberation  appears 
on  the  front  which  is  the  reflection  from  the  PTFE/ 
aluminium  interface.  A reflection  from  the  HE/ 
aluminium  is  also  seen  after  - 0.7  p s,  and  the  reflec- 
tion of  the  transmitted  shock  from  the  rear  surface  of 
the  aluminium  as  a rarefaction  wave  appears  after 
some  3 /as.  Finally  the  wire  circuit  becomes  short  cir- 
cuited 4.2  /as  after  initial  shock  arrival  at  the  wire, 
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Fig.  3.  Typical  oscilloscope  records  of  manganin  wire 
response.  Time  markers  at  0.5  ps  intervals. 


Results  have  been  obtained  for  Baratol  (Cast), 
Composition  B (cast  and  pressed)  and  HMX/lnert 
(pressed)  and  these  are  given  in  Table  1 and  Figs.  4(a) 
-*■  (0- 


In  all  cases  the  maximum  recorded  pressure  has 
been  measured  and  this  gives  the  values  of  PDkb  in 
Table  1 . In  type  A experiments  PD  is  given  directly 
from  the  pressure  record.  For  type  B experiments  PD 
is  evaluated  by  using  known  P*u  data  for  aluminum 
and  the  p0D  line  for  the  explosive,  in  Table  1 the 
detonation  velocity,  D,  has  been  determined  from  ex- 
periments in  the  present  series  where  time  informa- 
tion was  available  from  two  or  more  levels  in  the  ex- 
plosive. 

It  can  be  shown  that 

?D  = Po°/2  (u  + P/P0D) 

where 

uD  = HE  particle  velocity  corresponding  to  PD 

u = Aluminum  particle  velocity  at  measured 
pressure  P (obtained  from  equation  of  state 
data) 

It  is  seen  from  Table  1 that' the  values  of  PD  ob- 
tained from  both  A and  B type  experiments  are  in 
reasonable  agreement.  If,  however  PD  is  measured  in 
the  region  immediately  following  the  peak  in  rounds 
639, 621 , 625  and  633  (see  Figs.  4(e)  and  4(g)  then 
the  agreement  is  very  good  indeed.  (These  values  for 
PD  are  given  in  parenthesis  in  Table  1 .) 

The  pressure-time  history  for  Composition  B 
(cast)-round  609  Fig.  4c-is  inconsistent  with  the 
other  results  in  that  the  recording  time  is  short,  and 
the  peak  pressure  appears  low  when  compared  with 
the  PD  value  from  round  628  (Table  1).  However  the 
peak  pressure  recorded  for  609  is  identified,  from 
similar  experiments,  as  the  initial  shock  in  the  PTFE, 
and.  the  PD  value  given  for  this  round  in  Table  1 is 
calculated  using  the  mismatch  method.  Composition 
B (cast)  is  manufactured  in  controlled  temperature 
moulds  and  produces  a rough  detonation  front  with 
much  microjetting,  caused  by  the  presence  of  very 
small  voids  created  during  manufacture,  and  early 
failure  of  the  measuring  station  in  this  case  is  a possi- 
bility. 


628 


All  other  explosives,  including  Composition  B 
(pressed),  give  consistent  results,  although,  for  type  B 
experiments,  the  HMX/Inert  (Fig.  4(h)  does  not  pro- 
duce the  smooth  behaviour  observed  for  the  other  ex- 
plosives. (The  perturbation  in  the  record  of  Fig.  4(h) 
at  1 .4  /is  is  due  to  cross-talk  from  failure  of  the  neigh- 
bouring wire  gauge.) 

ANALYSIS  OF  THE  EXPERIMENTAL  RESULTS 
Calculational  Method 

The  results  of  the  experiments  are  being  analysed 
with  a one  dimensional  unsteady  fluid  dynamic  com- 
puter program  called  R1CSHAW  (13).  R1CSHAW  in- 
tegrates the  equations  of  motion  using  the  method  of 
characteristics.  It  was  chosen  for  use  instead  of  a 
normal  finite  difference  hydrocode  because  the  fluc- 
tuations on  the  pressure  profiles  in  the  latter  type  of 
code  make  the  tracing  of  compression  and  rarefaction 
waves  difficult.  RICSHAW  gives  not  only  a smooth 


pressure  profile  between  waves  but  also  traces  the 
boundaries  of  compression  and  rarefaction  waves 
which  are  themselves  characteristics.  A potential  dis- 
advantage of  RICSHAW,  which  because  the  high  pres- 
sure involved  is  not  regarded  as  important  in  these 
calculations,  is  that  the  code  has  no  provision  for 
elastoplastic  behaviour.  In  RICSHAW,  all  shocks  are 
treated  as  mathematical  discontinuities.  When  a shock 
meets  an  interface  or  intersects  a free  surface  or 
another  shock,  a special  interaction  subroutine  is 
entered.  The  interaction  calculation  solves  for  the 
conditions  behind  the  transmitted  and  reflected  waves 
using  a p-u  solution.  If  the  reflected  wave  is  a rare- 
faction, a fan  of  characteristics  is  initiated  and  the 
edge  characteristics  of  the  fan  are  marked  as  wave 
boundaries.  The  effect  of  this  is  that  the  mesh  is  fine 
inside  waves  where  conditions  are  varying  rapidly,  but 
can  be  coarser  between  waves  where  conditions  are 
varying  more  slowly.  Shocks  are  discarded  if  they  are 
weaker  than  a prescribed  minimum  and  may  be  formed 
if  characteristics  cross  each  other. 


TABLE  1 


Summary  of  Results 
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A 
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Experiments  with  the  Wire  Buried  in  the  Explosive 


The  reaction  zone  of  a detonation  wave  is  not  re- 
solved in  R1CSHAW.  A detonation  wave  is  treated  as 
a jump  discontinuity  to  either  a Chapman-Jouguet 
state  or  an  overdriven  state.  If  an  interaction  would 
like  to  set-up  a pressure  less  than  PD,  then  the  trans- 
mitted wave  is  treated  as  a Chapman-Jouguet  detona- 
tion wave  followed  by  a fan  of  characteristics  forming 
a Taylor  wave. 

The  equations  of  state  parameters  assumed  for  the 
inert  materials  and  the  detonation  products  of  the  ex- 
plosives in  the  experiments  are  given  in  Table  2. 

In  all  the  calculations  the  plane  wave  lens  was  rep- 
resented by  30  mm  layer  of  Baratol  which  was  as- 
sumed to  be  initiated  uniformly  on  its  outer  surface. 
In  most  of  the  calculations  the  manganin  was  not  in- 
cluded. Pressure  profiles  were  taken  at  the  Lagrangian 
mid-plane  of  the  PTFE. 

Analysis  of  Baratol  Experiments 

The  calculations  on  Baratol  assumed  an  equation 
of  state  of  perfect  gas  form.  The  detonation  pressure 
was  taken  from  Gardner  and  Wackerle  (16)  as  140  kb. 


Figure  4(a)  shows  the  comparison  between  the  cal- 
culated pressure  history  and  the  experimental  record. 
We  see  that  both  the  calculated  peak  stress  and  gen- 
eral level  of  the  calculated  pressure  are  low,  though  the 
slope  of  the  main  part  of  the  calculated  pressure  his- 
tory is  in  good  agreement  with  the  experiment. 

The  steps  on  the  calculated  profile  are  real  effects 
and  may  be  correlated  with  events  on  a wave  diagram 
in  Fig.  5(a).  The  first  step  (01  in  Fig.  4(a))  corre- 
sponds to  the  arrival  of  the  first  shock  in  the  PTFE  at 
the  wire.  The  pressure  drops  (1  -*■  2)  slightly  behind 
the  shock  because  of  the  Taylor  wave  following  the 
detonation  wave.  When  the  shock  in  the  PTFE 
meets  the  PTFE/Baratol  interface  a second  shock  is 
reflected  and  this  causes  the  second  jump  discontinu- 
ity (2  -*•  3)  in  the  calculated  pressure.  Again  there  is 
a decay  of  pressure  (3  -*■  4)  behind  this  shock  until 
the  pressure  drops  suddenly  due  to  the  arrival  of  the 
rarefaction  reflected  from  the  Baratol  detonation 
products,  when  the  2nd  shock  reaches  the  layer  of 
Baratol.  Subsequent  reverberations  of  the  PTFE  are 
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TABLE  2 

Equation  of  State  Data 


Perfect  Gas  (PG)  p 
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B 
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4.92 
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PG 

2.61 

4.92 
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2.96 

Comp.B 

PG 
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7.86 
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HMX/Inert 

PG 
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a 

b 

PTFE 

2.16 

0.39 

0.14 
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1.57 

0.53 

1.40 

Manganin 

8.46 

2.00 

0.38 

1.72 
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(a)  Baratol/Gauge/Baratol  (b)  Baratol/Al/Gauge/Al 

Fig.  5.  Wave  diagrams. 


of  negligible  magnitude  because  the  PTFE  now  has  an 
impedance  close  to  that  of  the  Baratol  products. 

The  experimental  records  show  the  steps  more  as  a 
ramp  and  also  have  two  sharp  peaks  early  in  the  rec- 
ords. The  peaks  may  have  something  to  do  with  the 
finite  thickness  of  the  wire  and  this  will  be  discussed 
in  Section  8,  or  they  might  indicate  the  presence  of  a 
von  Neuman  spike.  The  ramped  nature  of  the  record 
however  suggests  that  the  Baratol  is  reacting  slowly 
(say  over  0.25  ns).  Alternatively  the  ramp  might  be  a 
combination  of  the  finite  thickness  of  the  manganin 
and  a rate  dependent  behaviour  of  the  PTFE. 

Experiments  with  Wire  Buried  in  Aluminium 

Figure  4(b)  compares  the  calculated  pressure  his- 
tory with  experiment  and  Fig.  5(b)  is  the  correspond- 
ing wave  diagram. 

In  the  wave  diagram  it  is  seen  that  a rarefaction  is 
reflected  when  the  shock  in  the  aluminium  reaches  the 
PTFE.  Steps  1 . 2 and  3 in  the  calculated  record  cor- 
respond to  the  arrival  of  the  primary  shock  at  the 
wire  and  the  two  shocks  of  its  first  reverberation  in 
the  PTFE.  The  reverberation  time  in  the  P^E  is 
much  smaller  than  in  the  other  type  of  experiment 
because  the  PTFE  is  thinner. 

The  large  blip  4 -+  5 on  the  calculated  record  is  due 
to  the  arrival  of  signals  reflected  from  the  aluminium/ 
baratol  interface-the  rarefaction  is  reflected  as  a 


compression  wave,  and  the  shock  reflected  into  the 
PTFE  from  the  other  slab  of  aluminium  is  now  re- 
flected as  a rarefaction  from  the  detonation  products, 

Finally  the  primary  shock  in  the  aluminium  is  re- 
flected at  its  free  surface  and  causes  the  pressure  in 
the  wire  to  fall. 

The  calculated  record  is  again  too  low,  though  the 
slope  of  the  Taylor  wave  transmitted  into  the  alumi- 
nium and  the  time  interval  to  the  arrival  of  the  rare- 
faction at  the  free  surface  are  in  good  agreement. 

The  experimental  record  docs  not  show  the  steps 
on  the  rising  record  and  the  blip  due  to  waves  4 and  5 
is  of  smaller  magnitude  and  more  spread  out  than  the 
calculated  blip. 

Calculations  with  Higher  Detonation  Pressure 

It  is  clear  from  Figs.  4(a)  and  4(b)  that  a detona- 
tion pressure  of  1 40  kb  does  not  give  a good  fit  to  the 
experiments  which  indicate  a higher  detonation  pres- 
sure for  baratol.  Taking  all  three  experiments  into  ac- 
count, a detonation  pressure  of  160  ± 2 kb,  Figs.  6(a) 
and  6(b),  gives  the  best  fit.  t 

Analysis  of  Comp.B  (Pressed)  Experiments 

The  calculations  on  pressed  Comp.B  assumed  a 
perfect  gas  equation  of  state  with  a detonation  pres- 
sure from  Davis  and  Venable  (2)  of  275  kb. 
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Mg.  6.  Best  fit  calculations  to  Taylor  wave  of  experimental  results. 
Experiments  with  the  Wire  Burled  In  the  Explosives  tho  Taylor  wave  1$  In  reasonable 


Comparing  the  calculated  pressure  history  with  the 
experimental  results  Fig.  4(c)  shows  that  the  calculated 
peak  stress  agrees  well  with  experiment  but  the  calcu- 
lated Taylor  wuve  it  too  shallow.  The  comments  on 
the  calculated  pressure  history  given  for  Uaratol  apply 
to  these  calculations  as  well ; the  strength  of  shocks 
and  rarefactions  being  tho  only  difference. 


Experiments  with  the  Wire  Burled  In  the  Aluminium 

Figure  4(0  compares  the  calculated  pressure  his- 
tory with  experiment,  the  wave  diagrum  being  similar 
to  that  of  the  Barutol/Al  Fig.  5(b).  The  peak  stress 
calculated  is  approximately  correct  and  the  slope  of 


tho  Taylor  wave  is  in  reasonable  agreement  with  the 
experimental  result. 

The  calculated  rarefaction  is  approximately  0.1  pi 
too  late  and  slightly  steeper  than  the  experimental  re- 
sults. 

In  contrast  to  the  Baratol/Al  experiments  there  is 
u step  in  the  rising  record  but  again  the  blip,  due  to 
the  reflection  of  tho  gauge  signal  from  the  Comp.B/ 
aluminium  interface,  is  smaller  than  calculated. 


Analysis  of  HMX/lnert  Experiments 

The  calculations  on  HMX/lnert  assumed  a Jones- 
Wllkins-Lco  (JWl)  equation  of  state  with  a detona- 
tion pressure  from  Allan  and  Lambourn  (14)  of 


335  kb.  The  various  discontinuities  in  the  pressure 
histories  are  similar  to  those  of  the  Composition  B. 

Experiments  with  Wire  Buried  in  Explosive 

The  comparison  of  calculated  pressure  history 
with  the  experimental  resultc  Fig.  4(g)  show  that  the 
calculated  peak  stress  is  in  good  agreement  but  the 
slope  of  the  calculated  rarefaction  is  too  low  and 
steep. 

Experiments  with  Wire  Buried  in  Aluminium 

Figure  4(h)  compares  the  calculated  pressure  his- 
tory with  experiment  the  wave  diagram  being  similar 
to  that  of  the  Baratol/Al  Fig.  5(b).  The  peak  stress 
calculated  is  too  high  and  again  the  slope  of  the  rare- 
faction is  too  steep. 

The  calculated  rarefaction  from  the  free  surface 
arrives  0.6  pa  too  late  compared  with  experimental 
results.  However  since  wire  1 broke  at  1 .4  pa  and 
good  agreement  was  obtained  in  the  Baratol/Al  calcu- 
lation it  is  quite  probablo  that  wire  2 broke  at  2.2  ps. 

As  with  the  Baratol/Al  experiments  there  arc  no 
steps  in  the  rising  record  and  the  blip  is  smaller  than 
calculated. 

Calculations  with  Different  PD  and  Perfect  Gas  EOS 

To  obtain  better  agreement  in  the  slope  of  the  rare- 
faction a perfect  gas  equation  of  state  was  assumed. 
The  slope  than  agreed  tolerably  well  with  experimen- 
tal results  but  the  calculated  Taylor  wave  was  20  kb 
too  low.  Figures  6(c)  and  6(d)  compare  the  experi- 
mental results  with  calculation  for  a Perfect  gas  BOS 


with  Pq  = 355  kb.  The  calculated  rarefactions  agree 
better  with  the  experimental  results  than  do  the  origi- 
nal JWL  calculations,  though  the  fit  is  still  not  as 
good  as  for  the  Baratol  results. 


DISCUSSION  AND  CONCLUSIONS 

A manganin  wire  pressure  transducer  has  been 
used  in  two  types  of  experiment  to  determine  detona- 
tion pressure  of  explosives.  Both  types  of  experiment 
yield  more  information  than  just  a detonation  pres- 
sure, since  the  pressure  history  following  the  peak  is  a 
direct  measure  of  the  rarefaction  (Taylor)  wave  fol- 
lowing the  detonation  wave,  and  hence  can  be  inter- 
preted to  give  the  form  of  the  equation  of  state  for 
pressures  below  the  detonation  pressure. 

Table  3 compares  detonation  pressures  obtained 
from  the  peak  pressures  recorded  in  the  experiments, 
values  obtained  from  the  calculations  which  best  fit 
the  Taylor  wave  following  the  detonation  wave,  and 
values  in  the  literature  obtained  from  a variety  of 
other  sources. 

It  will  be  seen  that  (1)  the  pressures  determined 
from  the  manganin  wire  experiments  are  generally 
within  the  range  of  values  quoted  in  the  literature. 

For  baratol  a value  of  140  kb  has  been  quoted  by 
Gardner  and  Wackerle  (16)  and  the  highest  figure  of 
170  kb  is  referred  to  by  Kineke  and  West  (17).  These 
values  however  refer  to  76/24  baratol  not  the  72/28 
baratol  used  in  the  manganin  wire  experiments.  The 
detonation  pressure  for  cast  Comp.B  was  determined 
by  Allan  (1 8)  by  measuring  free  surface  velocities  of 
impedance  mismatch  plates  and  is  referred  to  by 
Skidmore  and  Hart  (19).  There  is  no  corresponding 


TABLE  3 

Comparison  of  Detonation  Pressures  (kb) 


Explosive 

From  Peak 

Best  Fit  to 

Range  of  Values 

Pressure 

Taylor  Wave 

From  Other  Expts 

Baratol  (72/28) 

154 

160 

140-170 

Comp.B  (59.S/39.S/l)ft“ed 

259 

276 

280 

285 

257 

275-312 

HMX/Inert  (95/5) 

335 

...  j 

355 

335 
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determination  for  pressed  Composition  B yet,  but  the 
density  is  similar  to  that  for  Composition  B-3  whose 
range  of  detonation  pressure  measurements  has  been 
reviewed  by  Davis  and  Venable  (2).  Finally  the  only 
values  for  HMX/Inert  were  determined  by  Allan  and 
Lamboum  ( 1 5)  again  using  free  surface  velocities  of 
mismatch  plates.  (2)  The  detonation  pressures  ob- 
tained from  using  the  hydrocode  RICSHAW  to  fit  the 
Taylor  wave  are  greater  than  those  obtained  from  the 
peak  pressures,  by  an  amount  varying  from  6 kb  for 
Baratol  to  20  kb  for  HMX/Inert.  This  point  will  be 
discussed  further  after  some  comments  have  been 
made  about  the  meaning  of  the  records. 

In  order  to  try  to  understand  some  of  the  fine 
structure  on  the  leading  edge  of  some  of  the  pressure 
histories  a calculation  has  been  done  with  the  manga- 
nin  wire  treated  as  a flat  sheet  0.03  mm  thick  on  the 
HMX/lnert-aluminium  experiment.  A JWL  equation 
of  state  was  assumed  for  the  HMX/Inert  explosive 
with  detonation  pressure  335  kb. 

Figure  7 is  a comparison  of  the  pressure  histories 
on  both  manganin/PTFE  interfaces  with  the  pressure 
history  calculated  in  the  normal  way  at  the  mid-plane 
of  the  PTFE. 

A number  of  points  emerge.  (1)  Clearly  there  is  a 
considerable  amount  of  structure  on  the  manganin 
pressurr  history,  all  of  which  can  be  related  to  various 
shock  and  rarefaction  wave  arrivals  at  the  two  man- 
ganin/PTFE interfaces.  (2)  The  manganin  wire  ini- 


Fig.  7.  Comparison  of  calculated  pressure  histories  at 
manganin/PTFE  interface  with  assumed  history  at 
mid-plane  of  PTFE. 


tially  has  a very  large  pressure  difference  across  it— its 
effective  resistance  change  will  be  a function  of  the 
pressure  distribution  in  the  wire  and  this  will  of 
course  be  affected  by  side  rarefactions  in  the  wire 
from  the  potting.  (3)  After  0.08  ps  the  reverbera- 
tions in  the  wire  die  out.  Thereafter  the  wire  assem- 
bly is  effectively  in  equilibrium  with  the  surrounding 
aluminium  until  the  arrival  of  the  wave  reflected  from 
the  aluminium-explosive  interface  forming  the  blip. 

(4)  The  structure  of  the  pressure  histories  in  the  blip 
is  in  the  shape  of  an  M,  quite  different  from  the  simu- 
lation using  the  mid -plane  of  the  PTFE.  The  true 
manganin  signal  may  therefore  be  much  closer  to  the 
experimental  result  which  shows  the  blip  as  much 
smaller  in  amplitude  than  that  previously  calculated. 

(5)  Again  after  the  blip  the  manganin  gauge  assembly 
equilibrates  to  the  aluminium. 

Thus  although  the  initial  behaviour  of  the  gauge 
assembly  on  arrival  of  the  first  shock  is  a complicated 
combination  of  the  waves  reverberating  in  the  gauge, 
the  gauge  effectively  settles  down  to  recording  the 
true  pressure  history  in  the  aluminium  or  explosive 
within  a time  scale,  which  is  about  the  reverberation 
time  (a  double  transit)  through  the  gauge  assembly. 

Thus  until  the  response  of  the  gauge  assembly  to 
known  input  shock  profiles  is  understood  better,  it  is 
somewhat  difficult  to  try  to  interpret  the  initial  struc- 
ture on  the  gauge  pressure  histories. 

This  is  a pity  because  it  is  tempting  and  possibly 
correct  to  relate  the  sharp  peak  in  the  pressure  his- 
tories of  the  gauge  buried  in  HMX/Inert  and  Comp.B 
to  a sharp  reaction  zone  and  the  rather  gradual  rise  of 
the  pressure  history  for  the  wire  in  the  baratol  to  a 
spread  out  reaction  zone.  However,  the  absence  of 
sharp  peaks  in  the  type  B experiments  suggest  that 
the  peaks  observed  for  HMX/Inert  and  Composition  B 
(pressed)  are  real  and  possibly  related  to  the  explosive 
reaction  zone. 

However  the  conclusion  that  the  gauge  records  ac- 
curately the  regions  of  slowly  varying  pressure  means 
that  apart  from  the  problem  of  premature  breaking  of 
the  wire,  considerable  confidence  can  be  put  in  the 
fact  that  the  slow  release  of  pressure  corresponds  to 
the  true  pressure  history  in  the  explosive  of  alumi- 
nium. 

If  we  make  the  assumption  that  the  Chapman 
Jouguet  condition  holds,  then  the  decaying  pressure 
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in  the  explosive  is  a Taylor  wave.  As  we  have  seen, 
this  assumption  leads  to  a measure  of  detonation 
pressure,  which,  because  of  the  uncertainty  of  the 
gauge  response  on  the  arrival  of  a sharp  shock,  may 
be  a better  measure  than  the  detonation  pressure  de- 
duced from  the  peak  recorded  pressure. 

Taking  the  comparison  of  the  RICSHAW  calcula- 
tions with  the  experimental  results,  we  have  seen  with 
the  HMX/Inert  results  that  the  JWL  equation  of  state 
gives  too  steep  a pressure  history  but  that  a perfect 
gas  equation  of  state  agrees  satisfactorily  for  the 
HMX/lnert  and  well  for  baratol.  On  the  other  hand  a 
slightly  tetter  fit  might  be  obtained  for  Composi- 
tion B (pressed)  with  a JWL  equation  of  state.  The 
reason  that  the  JWL  equation  of  state  gives  a steeper 
profile  is  that  as  the  pressure  reduces  from  the 
Chapman-Jouguet  state,  the  adiabatic  exponent 


increases.  The  present  experimental  results  suggest 
that  7 may  remain  reasonably  constant  at  least  for 
pressures  down  to  ~75%  of  Pcj.  Perhaps  coinciden- 
tally, this  is  in  agreement  with  the  modified-Wilkins 
form  of  equation  of  state  chosen  by  Allan  and 
Lamboum  to  fit  the  expansion  of  HMX/lnert  to 
lower  pressures. 
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The  axially -symmetric  magnetic  probe  has  been  applied  to  large  charges  of  PBX- 
9404,  Composition  B-3,  and  X-0290  (TA  TB/KelF  95/5).  The  technique  gives 
continuous  records  of  particle  velocity  behind  the  detonation  front,  accurate  and 
repeatable  to  2%.  The  results  show  the  time-dependence  of  the  flow  by  comparison 
of  records  from  charges  of  different  lengths.  Reaction  zones  are  resolved  and  the 
departures  from  the  simple  model  are  clearly  seen.  The  data  show  unexplained 
differences  from  the  usual  interpretation  of  free-surface  velocity  measurements. 


INTRODUCTION 

Particle  velocity  profiles  near  the  detonation  front 
have  been  measured  in  PBX-9404,  Composition  B-3, 
and  X-0290  plastic  bonded  TATB,  using  the  axially- 
symmetric  magnetic  probe  technique.  This  work  is 
part  of  an  effort  to  provide  accurate  values  for 
detonation  pressures.  The  confusion  about  pressures 
is  well  described  in  what  is  known  as  Kamlet 's  Com- 
plaint : “Values  ranging  from  1 77  to  220  kbar  have 
been  quoted  as  experimental  detonation  pressures  of 
TNT  at  1 .63-1 .64  g/cm3,  and  belief  in  both  extreme 
values  among  different  knowledgeable  detonation 
hydrodynamicists  is  encountered  by  the  authors,  only 
recently  exposed  to  the  problem.  Although  values  of 
341  and  347  kbar  for  RDX  at  1 .80  g/cm3  serve  as 
keystones  for  most  Kistialcowsky-Wilson-type  com- 
putations in  this  country,  h'Jily  respected  Russian 
workers  quote  390  kbar  for  this  explosive  at  1 .80 
g/cm3 , and  366  kbar  at  1 .755  g/cm3 , It  seems  a fair 
statement,  therefore,  that  at  the  present  time  no 
single  measurement  of  C-J  detonation  pressure  is 
universally  accepted  as  being  correct  to  within  5%.” 
(1).  A similar  observation  was  made  by  Davis  and 
Venable  (2),  who  found  pressure  for  Composition 
B-3  of  268,  275, 292,  and  312  kbar  from  the  inter- 
pretation of  different  types  of  measurements,  and  all 


these  measurements  were  made  by  them  and  their 
coworkers.  Many  others  have  commented  on  the 
problem  of  finding  trustworthy  detonation  pressure 
measurements. 

The  explanations  for  these  discrepancies  are  still 
unknown.  Some  of  the  difficulty  has  certainly  been 
caused  by  poorly  performed  experiments,  and  some 
by  improper  interpretation  of  the  experimental 
results.  However,  there  remain,  after  casting  out 
suspect  data,  unreconciled  diffeiences. 

A promising  possibility  for  the  cause  of  the  dis- 
crepancies is  that  the  chemical  reaction  zone  in  com- 
mon explosives  may  be  large  enough  that  its  effects 
must  be  taken  into  account  when  analyzing  the 
experiments.  The  reaction  zone  affects  these  in  two 
ways:  fits t,  the  measurements  may  sense  the  pressure 
in  the  reaction  zone  instead  of  that  in  the  Taylor 
wave,  and  the  value  obtained  is  not  the  C-J  pressure, 
but  the  pressure  at  some  point  where  reaction  is  still 
going  on;  second,  the  states  and  wave  profiles  depend 
on  the  details  of  the  initial  conditions  of  initiation  of 
the  explosive,  and  on  how  far  the  detonation  wave 
has  run,  with  the  build-up  time  constant  many  times 
the  reaction  time.  Mader  and  Craig  (3)  have  shown 
that  taking  tne  time  dependence  into  account  im- 
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proves  the  fit  to  experimental  data,  and  have 
proposed  an  empirical  scheme  for  improving  the 
agreement  between  numerical  computations  and 
experiment.  Bdzil  and  Davis  (4)  have  analyzed  a 
special  one-dimensional  time-dependent  detonation 
model  and  compared  the  behavior  of  the  model  with 
the  available  experimental  results.  This  effort,  and 
some  unpublished  extensions  by  Bdzil,  improves  the 
fit  of  theory  to  experiment  appreciably,  but  there  are 
still  differences  (4).  There  seems  to  be  yet  another 
source  of  time-dependent  effects  in  the  experiments. 
One  possibility  is  that  the  metal  plates  from  whose 
motion  the  explosive  properties  are  inferred  have 
time-dependent  behavior  of  their  own,  so  that  the 
interpretation  as  usually  made  is  incorrect. 

The  experiments  described  here  are  intended  to 
provide  accurate  particle  velocity  measurements, 
which  do  not  require  interpretation  of  metal  free- 
surface  velocity  to  obtain  the  velocities  within  the 
explosive.  Only  some  experimental  results  are  given 
now;  the  interpretation  will  need  development  of 
more  understanding. 


EXPERIMENTS 

The  axially-symmetric  magnetic  probe  has  been 
described  by  Hayes  and  Fritz  (5)  and  by  Fritz  and 
Morgan  (6).  A typical  arrangement  used  for  the 
measurements  reported  here  is  shown  in  Fig.  1 . The 
detection  dimensions  are  a compromise  which  gives 
adequate  signal  amplitude  combined  with  insensitiv- 
ity to  variation  in  foil  conductivity,  insensitivity  to 
the  small  unavoidable  assembly  tolerances,  and  is 
small  enough  that  it  samples  only  the  small  area  avail- 
able for  measurement  at  the  end  of  a charge  200-mm 
diameter  and  200-mm  long. 

The  aluminum  foil  is  moved  by  the  detonation 
wave,  and  its  interaction  with  the  divergent  field  of 
the  permanent  magnet  induces  a voltage  in  the  pickup 
coil.  The  voltage  is  recorded  on  an  oscilloscope 
which  has  been  calibrated  so  that  the  deflection  dis- 
tortion can  be  corrected.  The  conversion  of  the 
voltag  -ecord  is  a complex  procedure,  described  in 
Ref.  6,  accomplished  using  a computer  code  devel- 
oped by  Fritz.  The  effects  of  the  finite  frequency 
response  and  resistive  losses  of  the  coaxial  cable  and 
the  single  turn  coil  are  corrected  by  a deconvolution 
procedure  in  the  code.  The  finite  conductivity  of  the 


Plane  Wave  Lens 


Fig.  1.  Diagram  of  a typical  experimental  assembly. 
The  Initiating  lens  and  the  explosive  are  203.2-mm 
diameter.  The  motion  of  the  aluminum  foil  ( 75-pm 
thick)  between  the  explosive  and  the  Teflon  in  the 
non-uniform  magnetic  field  induces  a voltage  about 
ISO  mV  in  the  single-turn  pickup  coil.  The  voltage  is 
recorded  during  the  interval,  slightly  longer  than  1 ps 
between  the  time  when  the  foil  starts  to  move  and  the 
time  when  the  shock  wave  in  the  Teflon  (6.35-mm 
thick)  reaches  the  coil.  The  voltage  record  can  be  un- 
folded to  give  foil  velocity  vs  time. 


foil,  which  makes  a small  correction,  is  estimated 
from  the  shock  temperature  and  the  temperature 
coefficient  of  conductivity  of  aluminum. 

The  charges  were  assembled  with  care  to  hold  the 
necessary  tolerances.  The  explosive  was  carefully 
controlled  for  composition  and  density,  The  temper- 
ature of  the  assembly  was  controlled  at  24°C  during 
assembly,  storage,  and  firing;  the  most  temperature 
sensitive  component  is  the  magnet  itself,  with  a co- 
efficient of  0.0019/°C,  and  it  was  calibrated  at  24°C. 

A nine-slit  smear-camera  trace  was  taken  from  the 
air  gap  between  the  Teflon  piate  and  the  Plexiglas  coil 
form  to  check  the  planarity  of  the  detonation  wave. 

In  all  cases  the  departure  from  plane  was  less  than 
40  ns. 

The  chief  contribution  to  the  error  in  these  experi- 
ments comes  from  electrical  noise  induced  in  the 
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unbalanced  pickup  system  by  the  air  shock  waves 
reflecting  from  the  inside  of  the  shot  box.  These  are 
particularly  troublesome  for  the  long  lengths  of  ex- 
plosives. They  were  reduced  by  inserting  grounding 
foils  of  20-pm  aluminum  in  the  joint  of  the  assembly 
about  50  mm  below  the  measurement  foil.  When  a 
strong  noise  burst  arrives  just  before  the  signal  to  be 
measured,  it  destroys  the  base  line  measurement,  and 
the  record  is  necessarily  discarded. 

In  some  earlier  experiments  we  tried  to  use  thin 
layers  of  explosive  in  place  of  the  Teflon  shown  in 
Fig.  1 . The  noise  generated  by  the  detonation- 
electric  effect  (7)  reduced  the  quality  of  the  records 
too  much,  and  ull  the  results  reported  here  used 
Teflon,  which  has  molecular  symmetry  and  produces 
almost  no  electrical  signal  when  shocked. 


RESULTS 

Figure  2 shows  the  data  from  a total  of  19  shots  at 
five  different  lengths  for  PBX-9404.  The  charges 
were  initiated  by  a P-80  planewave  lens  of  203.2  mm 
diameter,  and  all  the  PBX-9404  pieces  were  also 
203.2  mm  diameter.  The  explosive  density  was  1 .84 
g/cm3,  and  the  firing  temperature  was  24°C.  The 
aluminum  foil  thickness  was  75  pm.  The  Teflon 
density  was  2.14  g/cm3,  with  a spread  of  about  0.015 
g/cin3  from  shot  to  shot.  The  curves  shown  arc 
smoothed  averages  from  the  data;  the  averages  are 
simply  fits  by  eye  to  the  superimposed  raw  data 
curves. 

Figure  3 shows  the  data  from  a total  of  nine  shots 
with  Composition  B-3.  These  charges  were  made 
exactly  like  the  PBX-9404  charges  described  above. 
The  explosive  density  was  1 .73  g/cm3. 

Figure  4 shows  the  data  from  a total  of  eight  shots 
with  X-0290,  which  is  a TATB/KclF  95/5  composi- 
tion with  density  1 .89  g/cm3.  The  charges  were 
initiated  with  a P-80  planewave  lens  of  203,2  mm 
diameter  and  a booster  charge  of  TNT,  density  1 .64 
g/cm3, 25.4  mm  thick.  The  booster  charge  was  used 
to  reduce  the  initiation  distance  in  the  TATB  to 
about  1 or  2 mm.  Tire  rest  of  the  make-up  details 
were  like  those  for  PBX-9404. 

The  overall  error  in  these  data,  from  botli  sys- 
tematic and  random  sources,  is  probably  less  than  2%. 


Fig.  2.  Plot  of  velocity  vs  time  for  a foil  driven  by 
PBX-9404  of  five  different  charge  lengths  In  assem- 
blies like  Fig.  J.  The  faint  dashed  lines  are  a com- 
parison calculation  for  a C-J  model  with  pressure  of 
35.6  GPa.  A change  of  l GPa  In  the  model  pressure 
changes  the  Intercept  velocity  about  0.05  mm/ ns, 
The  data  are  accurate  to  about  2%,  which  Is  a little 
less  than  0.05  mm/ps. 


Fig.  3.  Plot  of  velocity  vs  time  for  a foil  driven  by 
Composition  B of  four  different  charge  lengths  In 
assemblies  like  Fig.  1.  The  comparison  calculation 
pressure  Is  27.4  GPa.  The  experimental  curves  for 
101.6-  and  203.2-mm  lengths  are  Indistinguishable, 
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Some  of  the  raw  data,  not  smoothed  or  averaged,  are 
shown  in  Fig.  5. 


DISCUSSION 

We  are  not  now  prepared  to  offer  any  detailed 
interpretation  of  these  data;  we  give  only  a compari- 
son with  the  simple  C-J  model.  The  reverberations  in 
the  aluminum  foil  last  about  0.02  /is,  and  after  three 
reverberations  the  reverberation  amplitude  is  much 
less  than  the  experimental  uncertainty.  Also,  the 
difference  between  a calculation  with  the  foil  and 
one  without  is  very  small  after  three  reverberations. 
Therefore  comparison  between  experiment  and 
model  is  made  using  calculations  which  have  only  the 
C-J  model  Taylor  wave  in  the  explosive  impinging 
upon  u Teflon  plate,  and  the  velocity  used  is  that  of 
the  cells  near  the  interface.  In  this  model  the 
vclocity-vs-timc  curves  are  similar  for  all  explosive 
lengths,  with  thut  length  the  only  scaling  fuctor. 

In  Fig.  2 the  data  for  PBX-9404  are  compured  with 
a calculation  for  a C-J  explosive  with  a C-J  pressure  of 
35.6  GPa.  The  agreement  is  good,  hardly  anywhere 
outside  the  2%  error  limits,  One  might  propose  that 
the  lowest  curve  for  12.7  mm  of  explosive  shows 
some  time-dependent  effect,  with  its  slope  a little  too 
Hat  and  its  intercept  velocity  a little  low  indicating 
that  initiation  was  not  quite  instantaneous.  From 
those  experiments  it  would  seem  thut  PBX-9404  is  for 
practical  purposes  nearly  an  ideal  explosive,  and  that 
the  C-J  model  describes  it  very  well.  This  result  is  in 
disagreement  with  the  results  of  experiments  where 
the  pressure  is  inferred  from  the  measured  free- 
surface  velocity  of  plates  driven  by  the  explosive. 

Hie  collected  froe-surfacc  velocity  results  arc  pre- 
sented In  Kefs.  3 and  4.  We  do  not  know  how  to 
reconcile  the  apparent  disagreement. 

In  Fig.  3 the  datu  for  Composition  B-3  are  com- 
pured with  a calculation  for  a C-J  explosive  with  a C-J 
pressure  of  27.4  GPa.  The  disagreement  is  large,  and 
it  is  apparent  that  increasing  the  C-J  pressure,  which 
moves  the  curves  up  but  does  not  change  the  slope 
appreciably,  only  chunges  the  point  where  they  cross. 
The  data  suggest  that  there  is  a resolved  reaction  zone 
followed  by  a time-dependent  flow  which  is  ap- 
proaching the  right  slope  for  a Taylor  wave  in  the 
longest  charge.  A calculation  (made  by  J.  B.  Bdzil) 
using  the  excellent  fit  to  the  free-surface  velocity 
results  for  Composition  B-3  given  in  Ref.  4,  which  has 


Fig.  4,  Plot  of  velocity  vs  time  for  a foil  driven  by 
X-0290  (TA  TB/Kel-F  95/5)  of  four  different  lengths, 
in  assemblies  like  Fig.  J except  that  a TNT  booster 
25.4-mm  thick  was  inserted  between  the  lens  and  the 
explosive.  The  comparison  calculation  pressure  is 
29.3  GPa. 


Fig.  5.  Computer  plot  of  unsmoothed  data  for 
X-0290  shots,  two  of 203.2-mm  length  and  two  of 
50.8-mm  length.  These  are  of  course  among  the  best 
records,  but  the  others,  except  for  a few  which  are 
unreadable  because  of  electrical  noise  on  the  baseline 
trace,  are  not  very  different. 
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a resolved  reaction  zone  and  time-dependent  develop- 
ment of  the  whole  reaction  zone  and,  following  flow, 
is  better  but  still  not  satisfactory.  More  work  on  the 
interpretation  is  clearly  necessary. 

In  Fig.  4 the  data  for  X-0290  (plastic-bonded 
TATB/KelF  95/5)  are  compared  with  a calculation 
for  a C-J  explosive  with  a C-J  pressure  of  29.3  GPa, 
with  a length  equal  that  of  the  X-0290  only,  exclud- 
ing the  TNT  booster.  The  fit  is  not  at  all  satisfactory. 

Rather  than  solving  the  problem  expressed  in 
Kamlet’s  complaint,  these  results  just  increase  the  dif- 
ficulties. First,  they  clearly  point  to  a relatively  large 
reaction  zone  and  appreciable  time-dependent  flow 
region  in  Composition  B and  X-0290.  Where  the 
slopes  of  the  experimental  curves  are  steeper  than 
those  of  the  calculated  comparison  curves,  one  can 
infer  that  chemical  energy  is  being  released.  Second, 
they  reveal  a large  and  unexplained  disagreement  with 
the  frec-surface  velocity  results  for  PBX-9404  and 
Composition  B,  showing  that  there  is  an  error  in 
interpretation  for  at  least  one  of  the  sets  of  experi- 
ments. 


ACKNOWLEDGEMENTS 

Many  people  in  the  Los  Alamos  Scientific  Labora- 
tory and  elsewhere  have  contributed  to  these  experi- 
ments. I am  particularly  indebted  to  J.  N.  Fritz,  J.  A. 


Morgan,  and  B.  Hayes  for  help  with  the  technique, 

and  to  A.  A.  Gallegos  and  K.  G.  Humphreys  for  per- 
forming the  actual  experimental  work. 

REFERENCES 

1.  M.  J.  Kamlet  and  C.  Dickenson,  J.  Chem.  Phys. 
48,43(1968). 

2.  W.  C.  Davis  and  D.  Venable,  Fifth  Symposium  on 
Detonation,  Office  of  Naval  Research  ACR-184, 
1970,  p.  13. 

3.  C.  L.  Mader  and  B.  G.  Craig,  “Nonsteady-State 
Detonations  in  One-Dimensional  Plane,  Diverg- 
ing, and  Converging  Geometries,”  Los  Alamos 
Scientific  Laboratory  Report  LA-5865,  1975. 

4.  J.  B.  Bdzil  and  W.  C.  Davis,  “Time-Dependent 
Detonations,”  Los  Alamos  Scientific  Laboratory 
Report  LA-5926-MS,  1975. 

5.  B.  Hayes  and  J.  N.  Fritz,  Fifth  Symposium  on 
Detonation,  Office  of  Naval  Research  ACR-184, 
1970,  p.  447. 

6.  J.  N.  Fritz  and  J.  A.  Morgan,  Rev.  Sci.  Inst.  44, 
215  (1973). 

7.  B.  Hayes,  J.  Appl.  Phys.  38,  507  (1967). 


641 


THE  DIAMETER  EFFECT  IN  HIGH-DENSITY  HETEROGENEOUS  EXPLOSIVES* 


A.  W.  Campbell  and  Ray  Engelke 
Los  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico  87545 


A phenomenological  study  of  the  dependence  of  steady  detonation  velocity  on 
charge  radius  (the  "diameter  effect")  in  cylindrical  configuration  is  described.  Con- 
sideration is  mainly  given  to  high-density  heterogeneous  solid  explosives  cast  or 
pressed  to  greater  than  94%  of  theoretical  maximum  density.  The  work  centers 
around  a new  fitting  form  which  fits  data  for  both  homogeneous  and  heterogeneous 
explosives  quite  well  Some  success  is  achieved  in  correlating  the  parameters  of  the 
fit  with  measured  quantities.  The  effect  of  joints  in  rate  sticks  and  of  boosting  on 
steady  detonathn  velocity  is  examined  experimentally.  A significant  joint  effect  is 
resolved.  Finally,  front-curvature  measurements  on  a plastic  bonded  TA  TB  are  used 
to  deduce  the  reaction-zone  length  for  this  explosive.  Comparisons  are  made  with 
zone  lengths  obtained  by  other  methods. 


INTRODUCTION 

A study  of  the  dependence  of  steady-state  detona- 
tion velocity  on  charge  radius  in  cylindrical  geometry 
(the  “diameter  effect”)  is  reported.  Emphasis  is 
placed  on  consideration  of  solid  explosives  which  are 
heterogeneous  (i.e.,  cast  or  pressed  from  a powder 
containing  many  different  sizes  of  microcrystals)  and 
at  greater  than  94%  of  theoretical  maximum  density 
(TMD).  For  purposes  of  comparison,  diameter-effect 
curves  of  two  liquid  explosives  are  also  included. 

The  diameter  effect  has  importance  at  different 
levels.  For  example,  it  can  be  used  as  an  engineering 
tool  for  gauging  the  size  of  system  in  which  an  explo- 
sive will  behave  “ideally.”  On  a more  basic  level,  the 
two-dimensional  effects  can  be  used  as  a probe  for 
studying  reaction-zone  structure. 

The  theories  of  the  diameter  effect  presented  to 
date  either  have  been  shown  to  be  incompatible  with 


•Work  performed  under  the  auspices  of  the  Energy  Research 
and  Development  Administration. 


the  experimental  data  for  heterogeneous  solid  explo- 
sives [i.e„  those  of  Eyring  et  al.  (1)  and  of  Jones  (2)] 
or  are  not  expressed  in  terms  of  the  commonly  meas- 
ured experimental  quantities  [Wood  and  Kirkwood 
(3)] . The  treatment  given  here  is  phenomenological; 
i.e.,  the  study  is  restricted  to  finding  regularities  with- 
in the  data.  Such  regularities  should  give  hints  on  the 
mechanisms  which  are  dominant  and  should  act  as  a 
guide  and  constraint  on  a basic  theoretical  treatment. 
The  work  in  this  paper  centers  around  a new  fitting 
form  which  fits  data  for  both  homogeneous  and  het- 
erogeneous explosives  quite  well.  This  form  is  applied 
to  new  data  as  well  as  to  data  taken  from  the  litera- 
ture . 

In  the  course  of  obtaining  the  new  experimental 
data,  it  was  found  that  joints  in  small  rate  sticks  per- 
turbed the  detonation  velocity  significantly  for  the 
purposes  of  high  precision  measurements.  These  re- 
sults are  discussed.  A study  was  also  made  of  the 
effect  of  boosting  on  the  steady-state  velocity.  No 
significant  effect  was  observed.  Finally  measurements 
of  front  curvature  were  made  on  a plastic-bonded 
TATB.  These  measurements,  when  combined  with 
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the  diameter-effect  curve  and  the  Wood-Kirkwood 
(WK)  theory,  determine  a reaction-zone  length  on  the 
central  stream  tube  as  a function  of  stick  radius.  The 
infinite-medium  reaction-zone  length  thus  obtained 
is  compared  with  those  from  independent  measure- 
ments. 

I.  EXPERIMENTAL 
Explosives 

The  explosives  for  which  new  data  are  presented 
were  carefully  prepared  by  casting  or  pressing  follow- 
ing the  procedures  described  by  James  (4).  An  excep- 
tion was  XTX-8003,  which  was  composed  of  PETN 
mixed  with  a casting  resin.  This  explosive  was  pressed 
into  grooves  cut  in  polycarbonate  slabs  and  then  the 
resin  was  allowed  to  polymerize.  For  this  explosive, 
the  densities  of  the  rate  sections  were  inferred  from 
specimens  with  the  same  composition ; for  all  other 
explosives,  densities  were  obtained  by  immersion  of 
the  pieces  used  in  the  rate  studies.  In  the  case  of 
Amatex/20,  the  pieces  were  sprayed  with  a thin  film 
of  plastic  before  immersion. 

Detonation-Velocity  Measurement 

Most  of  the  rate  measurements  were  made  with  the 
pin  technique  as  described  by  Campbell  et  al.  (S),  ex- 
cept for  e few  changes  of  detail.  All  pieces  were  meas- 
ured for  length  in  a temperature-controlled  room. 

The  most  common  piece  length  was  50  mm,  and 
lengths  were  measured  to  about  10"2  mm.  The 
pieces  were  assembled  in  columns  with  50-qm  copper 
magnet  wire  inserted  in  the  joints  as  ionization 
switches.  The  columns  were  then  clamped  as  shown 
in  Fig.  1 . In  order  to  ensure  that  joints  between  rate 
sections  were  closed  and  yet  that  the  sections  were 
not  over-compressed,  the  clamping  bolts  were  passed 
through  carefully  machined  spacers  as  shown. 

In  the  case  of  PBX-9404  at  diameters  of  about  1 .3 
mm  and  less,  the  detonation  velocities  were  measured 
on  individual  pieces  1 2.7  mm  long  using  a smear 
camera.  As  the  result  of  carefully  determining  the 
image  magnification  and  of  dynamically  calibrating 
the  camera,  the  optical  rate  measurements  arc  thought 
to  be  accurate  to  better  than  0.1%. 

Shots  were  temperature  controlled  to  t 1°C.  Det- 
onation velocities  were  obtained  from  the  pin  data  by 
linear  least-squares  fitting. 


II.  DIAMETER  EFFECT 

Figure  2 shows  the  dependence  of  the  steady-state 
detonation  velocity  on  the  reciprocal  of  the  charge 
radius  for  the  group  of  explosives  considered.  One 
notes  that  numerous  scales  and  shapes  are  present. 
Except  for  the  liquids  (nitromc thane  and  TNT)  and 
for  pressed  TNT  and  XTX-8003,  all  the  data  neces- 
sary to  generate  these  curves  were  obtained  without 
confinement.  The  curves  for  all  the  solid  explosives 
(except  the  TATB  formulations)  show  downward 
concavity.  It  was  shown  by  Malin  et  al.  (6)  using  data 
for  Composition  B,  that  this  type  of  curvature  is  con- 
trary to  the  theory  of  Eyring  et  al.  ( 1 ) and  is  not  fitted 
properly  by  Jones’  theory  (2).  It  should  be  noted 
that  Eyring’s  theory  does  fit  the  data  f . (the  homo- 
geneous explosives)  liquid  nitromethane  and  liquid 
TNT  quite  well.  The  WK  theory  (3)  cannot  be  tested 
against  the  data  because  the  velocity  decrement  is  ex- 
pressed in  terms  of  the  detonation-wave  curvature  on 
the  central  stream  tube  rather  than  in  terms  of  the 
stick  radius. 

In  view  of  these  failings  or  inapplicability,  it  was 
decided  that  a phenomenological  approach  should  be 
made  and  that  the  objective  of  this  approach  would 
be  to  find  regularities  in  the  data.  Such  an  approach, 
if  successful,  should  give  hints  to,  and  place  con- 
straints on,  a correct  hydrodynamic  theory  of  the 
effect.  In  addition,  it  would  systematize  the  data  and 
allow  accurate  velocity  interpolations  to  be  made  at 
any  desired  diameter. 

The  cornerstone  of  this  treatment  is  the  functional 
form 
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D(R)  » D(»)(I-A/(R-RC)],  (I) 

where  D(R)  and  IX00)  are  the  detonation  velocities 
at  charge  radius  R and  in  infinite  medium,  respec- 
-ty,  and  A and  Rc  are  length  parameters.  An  al- 
ternate form  of  Eq.  (1),  which  'ispkvs  the  non- 
Eyring  part  explicily  is 

IXR).  «-){[,- A/Rl  - 5^}.  (2) 

Note  that  Eqs.  (1)  and  (2)  reduce  to  Eyring’s  form 
where  Rc  -+0.  This  is  a reasonable  behavior  since  a 
line  in  the  D-vs-l/R  plane  accurately  represents  the 
data  at  sufficiently  large  charge  diameter.  In  addition, 
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as  R->RC,  E^R)-*  - i.e.,  there  is  an  asymptote  at 

finite  R.  At  fixed  Rc,  the  parameter  A determines 
how  abruptly  the  downturn  in  the  curve  occurs;  i.e., 
the  smaller  the  value  of  A,  the  more  abrupt  the  drop. 
Figure  3 displays  this.  Since  D(R)-r  - 00  as  R-*RC, 
the  physical  region  corresponds  to  values  of  R > Rc 
and  in  particular  the  failure  radius  must  obey  Rf  > 
Rc. 

Equation  (1)  was  fitted  to  the  available  data  by 
the  method  of  least  squares.  Grapliical  displays  of 
typical  fits  are  given  in  Figs.  4 and  5.  The  results  of 
the  fits  are  given  in  Table  1 . The  PBX-9404  result 
shown  in  Fig.  4 is  typical  of  high-density  heteroge- 
neous explosives.  Contrasting  behavior  is  shown  by 
the  liquid  form  cf  nitromethane  (7)  and  of  TNT  (8). 


The  liquid  TNT  data  are  linear  in  the  D-vs-l/R 
plane.  The  fit  of  the  nitromethane  data  shows  slight 


Fig.  3.  Parametric  dependence  of  the  diameter- 
effect  curve.  The  hashed  line  represents  the  ap- 
proximate position  of  the  maximum  observed 
velocity  deficit. 


Fig.  4.  Diameter-effect  curve  for  PBX-9404;  p = 
1.846  g/cm3. 


upward  concavity,  which  is  expressed  mathematically 
by  Rc  having  a value  less  than  zero.  The  TATB  formu- 
lations are  exceptional  in  the  sense  that  of  all  the 
solid  explosives  treated  they  are  the  only  ones  which 
show  linear  diameter-effect  curves.  There  is  a hint  of 
upward  concavity  in  the  data,  but  the  least-squares 
analysis  shows  that  Rc  is  not  significantly  different 
from  zeio. 

It  should  be  mentioned  that  the  fit  for  PBX-9404 
is  unsatisfactory  in  that  the  deviations  about  the  fit 
are  larger  than  what  is  believed  to  be  the  experimen- 
tal error  in  measuring  the  detonation  velocity.  It  is 
not  known  whether  this  is  a shortcoming  in  the  fitting 
form  or  is  due  to  some  uncontrolled  variable  in  the 
explosive  itself;  e.g.,  particle-size  variations  (6).  The 
latter  explanation  cannot  be  ruled  out,  because  the 
data  for  PBX-9404  were  accumulated  over  a long 
period  of  tune,  i.e.,  approximately  18  years. 


(a) 

Fig.  5a.  Diameter-effect  curves  for  X-0290  (p  - 
1.895  g/cm3)  and  X-0219  (p  = 1. 915  g/cm3). 


(b) 

Fig.  5b.  Diameter-effect  curves  for  liquid  TNT 
(p  = 1.443  g/cm3 ) and  liquid  nitromethane  (p- 
1. 128  p/cm3).  The  liquid  TNT  data  points  all  lie 
within  0.4  m/s  of  the  fit.  The  liquid  nitromethane 
points  all  lie  within  2 m/s  of  the  fit. 
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The  deviations  about  the  fits  of  Fig.  5 are  of  the 
same  size  as  the  experimental  error.  This  is  also  true 
of  the  other  fits  listed  in  Table  1. 

It  is  thought  that  the  very  different  conformation 
of  the  curves  shown  in  Figs.  4 and  5 is  due  to  there 
being  two  mechanisms  supporting  wave  propagation 
in  heterogeneous  solids,  i.e.,  hot  spots  and  homoge- 
nous burn;  while  in  homogeneous  explosives  only 
homogeneous  burn  is  present.  Thus,  one  can  specu- 
late that  in  heterogeneous  explosives  at  large  diameter 
both  mechanisms  contribute  to  driving  the  wave 
while  at  diameters  near  failure  only  the  hot-spot 
mechanism  sustains  wave  motion.  The  lack  of  a 
region  of  sharp  drop  in  the  liquid  curves  is  then  due 
to  die  absence  of  the  hot-spot  mechanism. 

The  quality  of  the  fits  obtained  with  Eq.  (1)  cun 
be  gauged  from  Fig.  6.  In  that  figure,  the  fitting  form 
and  some  typical  data  points  for  the  various  explo- 
sives arc  plotted  in  a reduced  coordinate  plane  (i.e., 
D(R)/D(°°)  vs  A/(K  - R,.)  ).  The  existence  of  a plane 
in  which  all  the  data  can  be  plotted  near  a single  curve 
is  suggestive  that  the  processes  which  control  the 
diameter  effect  are  identical  and  that  the  different 
curves  m the  D-vs-l/R  plane  result  from  variations  of 
the  relative  effectiveness  of  the  processes. 


Fig.  6a.  Diameter-effect  curve  and  data  points  in 
reduced  coordinates  over  the  full  range  of  velocity 
deficit. 


Another  observation  that  can  be  made  is  that  the 
fitting  parameter  Rc  correlates  with  the  experimental 
failure  radius.  This  correlation  is  shown  in  Fig.  7, 

One  sees  that  except  for  Amatex/20  and  Baratol  76 
(not  plotted),  the  linear  least-squares  fit  Rc  = (0.877 
± G,054)Rf  passes  close  to  the  data.  The  Baratol  76 
curve  is  questionable  because  it  is  determined  by 
only  three  points  and  none  of  these  arc  very  close  to 
the  failure  diameter.  Consequently,  the  curvuturc 
may  not  bo  sufficiently  well  determined  for  the  fit 
to  be  useful  near  failure.  Of  the  other  explosives 
which  give  data  points  markedly  to  the  right  of  tho 
fitting  curve,  cast  TNT,  Amatox/20,  und  Octol  may  be 
expected  to  yield  small  churgcs  containing  crlticully 
insensitive  regions  -cast  TNT  by  vuriution  in  the 
freezing  rate,  Amatex/20  by  segregation  of  ammonium 
nitrate,  and  Octol  by  virtue  of  the  lurge-purticle-sizc 
HMX  used,  These  insensitive  regions  may  have  re- 
sulted in  larger  vuiues  of  Kf. 

Art  attempt  was  made  to  correlate  A with  Rf,  Tills 
was  not  us  successful.  The  dutu  scatter  badly  about 


Fig.  6b.  Diameter-effect  curve  and  data  points  in 
reduced  coordinates  over  the  first  3%  of  velocity 
deficit. 
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a power  law  of  the  form  (A  * KR").  However,  al- 
though one  cannot  quantitatively  relate  A and  Rf, 
there  is  a correlation  in  the  sense  that  a larger  value  of 
A tends  to  correspond  to  a larger  value  of  Rf, 


III.  THE  JOINT  EFFECT 

It  is  necessary  to  fire  very  small  rate  sticks  («*1  - 
mm  diam)  in  order  to  obtain  a complete  diameter- 
effect  curve  for  some  of  the  explosives  in  Table  I. 
One  has  the  Intuitive  feeling  that  the  presence  of 
joints  and  pins  in  such  sticks  may  significantly  per- 
turb tho  dotonatlon  wave  trajectory,  Such  an  effect 
(called  the  “joint  effect”)  would  result  in  underesti- 
mation of  detonation  velocity  and  overestimation  of 
failure  diameter.  These  considerations  prompted  a 
search  for  such  an  effect. 

Tire  experimental  method  was  to  record  with  a 
smear  camera  the  progress  of  a detonation  wave  in  a 
rate  stick  consisting  of  4 to  6 cylindrical  segments  of 
the  same  diameter.  Tire  explosive  was  in  tho  form  of 
right-circular  cylinders  machined  to  size  from  singly- 


Flg,  7.  Correlation  between  Rf  and  Rc.  The 
hashed  lines  correspond  to  plus  or  minus  one 
standard  deviation  of  the  slope  of  the  line.  Where 
no  error  bars  are  indicated  they  are  less  than  the 
dot  size;  where  error  bars  are  indicated  they  are 
those  of  Table  I,  The  equation  of  the  straight  line  is 
Rc  » (0.877  i 0. 054)  Rf.  An  arrow  to  the  left  of 
an  entry  indicates  that  no  sticks  that  failed  were 
fired. 


pressed  billets.  The  cylinders  ranged  in  length  from 
25 .4  mm  to  12.7  mm,  and  in  diameter  from  5.01  mm 
to  1.5  mm.  Because  PBX-9501  is  a rather  compliant 
explosive,  the  charges  having  diameters  of  1.5  and  2 
mm  were  measured  on  a contour  projector  with  digi- 
tal readout. 

Each  piece  was  supported  at  two  places  and  was 
tied  to  a cradle  with  50-jum  copper  wire  to  prevent 
buckling  of  the  column  under  pressure.  Boostering 
consisted  of  a small  pellet  of  PBX-9404  initiated  by  a 
detonator  which  was  held  in  a threaded  mount.  Good 
contact  was  secured  at  the  joints  between  cylinders 
by  inserting  a thin  metal  shim  in  one  of  the  joints  and 
tightening  the  threaded  detonator  adaptoi  nut  until 
slight  friction  was  felt  upon  sliding  the  shim.  The 
shim  was  then  removed  and  the  nut  turned  an  amount 
calculated  to  advance  the  detonator  a distance  equal 
to  the  thickness  of  the  shim. 

The  assembled  rate  stick  was  mounted  before  the 
smear  camera  with  a precision  magnification  scale  and 
a photographic  resolution  chart  attached  to  the  cradle. 
To  ensure  constant  magnification  along  the  stick,  the 
whole  assembly  was  arranged  perpendicularly  to  the 
optic  axis  by  use  of  a laser  beam  projected  along  the 
camera  optical  axis  and  reflected  from  the  magnifica- 
tion scale. 

When  charge  alignment  was  achieved,  photographic 
resolution  was  checked  on  still  photographs  made  on 
Panatomic-X  film.  Allowance  was  made  for  any  devi- 
ation between  the  plane  of  the  magnification  scale 
and  the  surface  of  the  rate  stick  by  moving  the  cam- 
era axially  an  appropriate  distance.  Temperature  was 
controlled  to  23°  ± 1°C. 

Before  firing  the  rate  stick,  the  film  was  lightly 
fogged  by  rotating  the  mirror  with  the  shutter  open; 
a break  in  the  camera  slit  produced  a line  indicating 
the  writing  direction  along  the  film,  and  in  the  analy- 
sis of  the  firing  record  the  writing  speed  at  the  loca- 
tion of  the  record  .was  interpolated  from  a previous 
calibration. 

Where  pin  records  were  taken,  the  switches  were 
made  of  silver  ribbon  3 mm  wide  by  10  pm  thick. 
These  were  inserted  in  joints  between  stick  segments 
and  held  in  place  with  Eastman  910  adhesive. 

The  experimental  space-time  trajectories  were 
fitted  to  the  model 
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x(t)  = 0 + Dt  + 5N, 


(3) 

where  N is  the  segment  number  on  the  stick  (0,  1, 

2, . . .),  5 is  the  spatial  joint  effect,  D is  the  detona- 
tion velocity,  t is  the  time  measured  from  some  origin, 
0 is  the  intercept  at  N = 0 and  t * 0,  and  x(t)  is  the 
position  of  the  detonation  at  time  t.  The  assumptions 
of  the  model  are  that  the  detonation  velocity  is  the 
same  in  the  steady  part  of  each  segment  and  that 
there  is  an  identical  offset  (possibly  zero)  at  each 
joint. 

Figure  8 shows  the  type  of  behavior  to  be  expec- 
ted from  the  model  and  the  experiment  if  there  is  a 
significant  joint  effect.  Figure  9 shows  the  results  for 
PBX-9501  in  terms  of  the  time  lag  at  a joint  (i.e., 

5/D).  One  sees  that  the  effect  is  a strong  function  of 


Undershoot 


Fig.  8.  Schematic  of  experimental  and  calculated 
detonation  trajectories  are  shown  in  (he  upper 
portion.  Anticipated  deviations  of  experimental 
points  about  the  model  are  shown  in  the  lower 
portion. 


stick  diameter  for  the  three  sticks  fired  with  clean- 
butt  joints. 

Furthermore,  the  one  stick  fired  with  glue  and  pin 
foils  present  in  the  joints  shows  a greatly  enhanced 
effect.  In  this  case,  the  error  induced  in  the  pin 
measurement  of  velocity  due  to  the  joint  perturba- 
tions was  0.2%  ( 1 7 m/s). 

One  concludes  that  if  one  wishes  to  make  highly 
precise  measurements  of  detonation  velocity  or  of 
failure  diameter  this  effect  must  be  avoided. 


IV.  BOOSTER  EFFECT 

There  were  indications  in  the  work  of  Bdzil  (15) 
that  the  steady-state  velocity  in  a rate  stick  might  be 
a function  of  the  manner  of  boosting.  If  such  an 
effect  were  present,  some  of  the  diameter-effect  data 
would  have  to  be  reinterpreted.  Since  Bdzil’s  work 
was  concerned  with  PBX-9404  and  since  the  devia- 
tions about  the  fit  were  non-random  for  this  explo- 
sive, it  was  decided  that  an  experimental  test  should 
be  made.  This  was  done  by  strongly  over-  and  under- 
driving two  very  long  PBX-9404  rate  sticks. 


Fig.  9.  Joint-effect  for  PBX-9501  as  a function  of 
stick  radius  and  form  of  the  joint.  The  position  of 
the  vertical  asymptote  is  conjectural.  The  error 
bars  correspond  to  one  standard  deviation. 
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The  explosive  consisted  of  30  carefully  machined 
right-circular  cylinders,  25.4  mm  diameter  by  5J.8 
mm  long,  taken  from  two  pressed  billets.  Density 
was  measured  for  each  piece  by  immersion  in  water. 
The  uniformity  of  the  billets  was  illustrated  by  the 
results:  7 pieces  had  densities  of  1 ,845  g/cm3,  20 
pieces  1.846  g/cm3,  and  3 pieces  1 .847  g/cm3. 

These  cylinders  were  randomized  between  two 
rate  sticks,  one  of  13  pieces  to  be  overboosted  and 
one  of  1 7 pieces  to  be  underboosted.  Underboosting 
was  achieved  by  use  of  an  Amatex/20  column  25.4 
rrun  in  diameter  and  152  mm  long.  (The  detonation 
pressure  of  Amatex/20  in  plane  geometry  is  200 
kbar.)  Overboosting  of  the  shorter  stick  was  obtained 
by  use  of  the  booster  diagramed  in  Fig.  10.  (The 
design  of  this  booster  was  due  to  B.  G.  Craig  and  pro- 
duced a pressure  of  404  kbar  in  PBX-9404.) 

Wave  curvature  was  measured  at  the  end  of  each 
stick  by  means  of  a small  mirror  which  was  oiled  and 
clamped  to  the  terminal  surface.  Light  from  a small 
shocked-argon  light  source  was  reflected  into  a smear 
camera  so  as  to  produce  an  extinction  record  of  the 
arrival  of  the  detonation  wave. 

Precautions  were  taken  with  temperature  control, 
film  shrinkage,  space  resolution,  camera  writing  speed, 
image  magnification,  and  many  other  factors. 

No  large  effect  on  the  detonation  velocity  was  ob- 
served; the  measured  velocities  were  8.7735  i 0.0004 
and  8.7754  ± 0.0003  mm/ps  for  the  overdriven  and 


A B 


200  mm  »~4 


-J  t—  25mm 

Fig.  10.  Diagram  of  overboosted  rate  stick  assembly. 

A.  Plane-wave  lens 

B.  50.8-mm  PBX-9404 

C.  0.38-mm  polyethylene 

D.  2.5-mm  magnesium 

E.  Rate  sections 

F.  0.05-mm  copper  wire  switches 

G.  Mirror 


underdriven  sticks,  respectively.  Note  that  the 
velocity  results  are  not  within  two  standard  deviations 
of  each  other.  The  (central)  front  curvatures  were 
measured  and  they  were  significantly  different  being 
337  + 3 mm  (overdriven)  and  355  ± 4 mm  (under- 
driven). The  larger  velocity  corresponds  to  a longer 
radius  of  curvature,  as  it  should.  It  is  unexpected  that 
the  overdriven  stick  shows  a smaller  radius  of  curva- 
ture and  a lower  detonation  velocity. 


V.  FRONT  CURVATURE  AND  REACTION  ZONE 

LENGTH  IN  X-0219 

Front-curvature  measurements  were  made  on 
X-0219  (90/10  TATB/KelF  800)  at  stick  diameters 
of  18,  25.4,  and  50.8  mm.  It  was  found  that  the 
detonation  fronts  near  the  charge  axis  are  quite  accu- 
rately represented  by  spherical  waves.  The  three 
values  of  front  curvature  on  the  stick  axis  fall  close 
to  a straight  line  in  the  front-cur vature-vs-stick-radius 
plane.  The  combination  of  detonation-velocity  and 
front-curvature  measurements  allows  one  to  calculate 
the  reaction-zone  length  on  the  stick  axis  as  a function 
of  stick  radius,  if  the  WK  theory  (3)  is  accepted  as 
valid. 

In  Fig.  1 1,  the  radius  of  curvature  (S)  is  plotted 
vs  the  stick  radius  (R).  From  the  limited  amount  of 


10  IS  20  25 

Stick  Radius  (mm) 

Fig.  1 1.  Central  front  curvature  vs  stick  radius  for 
X-0219  rate  sticks. 
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available  data,  one  finds  an  approximately  linear  re- 
lationship between  S and  R.  The  curvatures  were 
obtained  by  fitting  a spherical  wave  model  by  the 
method  of  least  squares  to  the  central  50%  of  the  end 
traces. 

Tire  WK  relationship  for  the  velocity  decrement  is 
D(S)  = D(°°)[l  -o£*(S)/s],  (4) 


that  the  axial  reaction-zone  length  (distance  from 
shock  to  sonic  locus)  decreases  with  decreasing  charge 
radius.  A decrease  in  charge  radius  results  in  an  in- 
crease in  axial  flow  divergence  and,  as  a result,  the 
sonic  plane  moves  closer  to  the  shock.  The  intercept, 
given  by  AB/a,  is  the  infinite-medium  reaction-zone 
length  and  it  has  the  numerical  value  £*(°°)  = 1 .3  mm. 
The  result  is  compared  in  Table  11  with  reaction-zone 
lengths  obtained  by  independent  means. 


where  D(S)  and  IX°°)  are  the  detonation  velocities 
with  radii  of  curvature  S and  °°,  respectively,  a is  a 
constant  dependent  on  the  properties  of  the  explo- 
sive, and  £*(S)  is  the  reaction-zone  length  on  the 
stick  axis. 

It  should  be  noted  that  the  WK  result  has  built-in 
assumptions  more  appropriate  for  a homogeneous 
explosive  than  for  a heterogeneous  one.  This  may  be 
less  of  a deficiency  for  X-0219  than  for  other  solid 
heterogeneous  explosives,  because  TATB  formulations 
exhibit  some  liquid-like  behavior,  e.g.,  Unear  diameter- 
effect  curves,  small  velocity  deficits  before  failure, 
and  temperature  dependent  failure  diameter. 

Combining  the  diameter-effect  curve,  D(R)  = 
D(°°)[  1 - A/R] , where  D(°°)  - 7.627  ± 0.0 1 5 mm/ps 
and  A = 0.269  ± 0.023  mm  with  the  front-curvature 
relationship  S - A'  + BR,  where  A'  = - 41  ±7  mm 
and  B = 9.9  ± 0.4  gives  the  form 


One  notes  that  the  measurements  given  in  Table  2 
break  into  two  classes,  i.e.,  those  for  zone  lengths 
greater  or  less  than  1 mm.  It  is  felt  that  the  first  three 
entries  are  superior  estimates.  Consequently,  it  is 
asserted  that  the  reaction-zone  is  abnormally  long  in 
some  TATB  formulations  and  of  the  order  of  3mm. 
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D(S)  = DO-) 


(5) 


Comparison  of  Eq.  (5)  with  Eq.  (4)  allows  one  to 
make  the  identification 

BA 

f(S)  = — - S/(S  - A')  (6) 

a 


or  alternately 
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By  use  of ‘he  experimental  values  Ppj  = 278  kbars, 
P»pike  = 364  kbars,  p = 1 .9 1 5 g/cnr , D = 7.627 
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ACCELERATION  OF  THIN  FLYERS  BY  EXPLODING  METAL  FOILS: 
APPLICATION  TO  INITIATION  STUDIES* 


R.  C.  Welngart,  R.  S.  Lee,  R.  K.  Jackson, t uml  N.  L.  Parker 
Lawrence  Livermore  Laboratory 
University  of  California 
Livermore,  California 


A simple,  Inexpensive  system  for  study  Inn  Initiation  properties  of  explosives  has 
been  developed.  The  system  uses  electrically  exploded  metal  foils  to  accelerate 
plastic  flyer  plates  to  velocities  In  the  ratine  0,5-14  km/s,  These  flyer  plates  provide 
a well-defined  stimulus  upon  Impact  with  a hlyh-exploslve  specimen,  Peak  pressures 
In  the  ranite  1-160  (I Pa  and  pulse  widths  in  the  ratine  0,005-0,5 1 us,  cun  be  produced, 
The  wide  ratine  of  Impact  pressures  and  pulse  widths  permits  Investlyatlons  of  ex- 
plosives over  a broad  ratine  of  shock  sensitivities.  To  demonstrate  the  capabilities 
of  the  system,  results  of  Initiation  experiments  on  PHTN  (1,25-1, 77Mn/mJ),  'PATH 
( l,  80  Mn/mJJ,  PHX-9404  ( 1,84  Mn/mJ),  and  nltronwthane,  are  reported. 


INTRODUCTION 

Over  the  past  ton  yours  we  have  developed  at  Law- 
rence Livermore  Laboratory  a simple,  Inexpensive  fa- 
cility for  studying  initiation  properties  of  explosives 
(1 ,2),  Our  system  uses  electrically  exploded  mctul 
foils  to  accelerate  plastic  ilyer  plates,  These  flyer 
plates  provide  a well-defined  stimulus  upon  impact 
with  a high -ex  plosive  specimen. 

Studies  of  shock  initiation  require  a pressure  pulse 
of  known  amplitude  and  duration.  Such  pressure 
pulses  are  usually  produced  by  explosive  charges 
which  drive  a shock  wave  through  a barrier  (gup  test) 
or  by  tlyer-plate-impact  experiments.  A disadvantage 
of  the  gap  test  is  thut  it  produces  a rather  complex 
pressure  pulse.  The  flow  is  divergent  and  the  full  in 
pressure  behind  the  shock  depends  on  the  geometry 
of  the  barrier-explosive  system.  By  using  a large, 
plane-wave  explosive  assembly  a well-characterized 


•This  work  wu  perfonned  under  the  auspices  of  the  IJ.S. 
ERDA  under  contract  no.  7405  l',N(J-48, 
t Richard  K.  Jnckion  Is  with  the  U.S.  Army  asuhined  to  the 
Lawrence  Livermore  Laboratory. 


pulse  may  be  produced,  bul  such  assemblies  add  con- 
siderable cost  und  complexity  to  Initiation  experi- 
ments. 

I'iyor-plule  Impact  produces  u pressure  pulse  that 
is  moro  ouslly  characterized,  but  tire  traditional 
meuns  of  accelerating  flyer  plutes  with  gas  guns  or 
lurge,  plunc-wuve  explosive  systems  ure  time-consum- 
ing und  require  the  use  of  expensive  facilities.  Our 
“electrical  gun"  offers  the  advantages  of  well-defined 
pressure  pulses,  but  with  experimental  convenience 
und  low  cost. 


ELECTRICALLY  ACCELERATED 
FLYER-PLATE  SYSTEM 

The  use  of  exploding  metui  foils  to  uccelerute  thin 
plutes  to  velocities  of  4-5  km/s  was  reported  in  1961 
by  Keller  und  Penning  (3)  and  Guenther  et,  at,  (4). 
The  design  of  our  system  is  similar  to  the  systems 
used  by  these  earlier  investigators.  We  have  extended 
the  velocity  range  to  flyer  velocities  in  excess  of  14 
km/s. 
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Wo  use  u 56  /jF,  40  nil  capucltor  bank  systoin  as 
an  energy  source.  A very  convenient  foil-flyer  lami- 
nate is  used,  shown  schematically  in  Fig.  1 , which  can 
be  quickly  and  easily  connected  to  the  capacitor  bunk 
viu  u Hut-conductor  transmission  line.  Charging  volt- 
uges  vury  from  7.540  kV  and  switching  is  aecom- 
plished  with  a low-inductance  detonator  switch. 

The  diagnostics  used  for  our  experiments  consisted 
of  optical  und  electrical  mousurements.  The  current 
through  the  foil  was  measured  with  un  appropriate 
current-viewing  resistor  und  voltage  across  the  foil 
wus  measured  by  soldering  loads  to  the  transmission 
line,  close  to  the  edges  of  the  foil,  und  connecting 
them  to  u voltugc-divtdcr  network.  Electrical  signals 
were  recorded  on  oscilloscopes.  Time  resolution  wus 
~(IO~N)s  und  signal  levels  wore  accurute  to  about  5%. 
The  streuk  camera  wus  u C'ordin  Model  1 32  with  a 
strouking  rate  of  20  km/s.  Flyer  velocity  measure- 


ments were  made  using  the  streak  camera  and  record- 
ing llyer  impact  times  at  the  top  and  bottom  of  a step 
in  u plexiglass  impact  block  (step  flasher),  or  with  a 
laser  velocity  interferometer  (VISAR)  (5).  The 
VISAR  measurements  gave  the  most  information,  but 
were  more  difficult.  Most  of  the  calibrations  of  flyer 
velocity  vs  charging  voltage  or  burst  current  density 
were  made  using  the  step  flasher  technique.  VISAR 
measurements  were  used  to  check  the  velocity  cali- 
brations and  to  study  the  details  of  the  flyer  accelera- 
tion process, 

The  exploding  foil  element  is  aluminum  and  varies 
in  area  from  5.08  X 5.08  cm  down  to  0.03  X 0.03  cm. 
hull  thickness  varies  from  2-5 1 /am.  The  flyer  plates 
ure  usually  polyethylene  tcrcpthalate  (PFT)  and  range 
in  thickness  from  0.025-2.5  mm.  Flyer  diameter  is 
determined  by  the  diumeter  of  the  barrel  which  is 
clumped  onto  the  foil-flyer  laminate.  The  choice  of 


Luc  I to  II. I.,  holder 


To  camera 


-II. I , pel  let 


1 

lo  camor'a 


Fig.  1,  Schematic  diagram  of  the  system  used  for  Initiation  studies.  The  foil-flyer  laminate  is  connected  to  an  ap- 
propriate capacitor  bank  and  the  barrel  and  HE  holder  are  clamped  directly  over  the  foil.  When  the  foil  explodes 
it  drives  the  flyer  down  the  barrel  to  impact  the  sample.  The  cross-sectional  view  shows  how  the  flash  produced 
by  flyer  impact  can  be  viewed  around  the  sample. 
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foil  and  flyer  dimensions  depends  on  the  area  one 
wishes  to  impact  and  the  desired  magnitude  and  dura- 
tion of  the  pressure  pulse. 

The  flyer  velocity  is  determined  by  the  selection 
of  barrel  length,  burst  current  density,  foil  thickness, 
and  flyer  thickness.  Figure  2a  shows  a laser-inter- 
ferometer measurement  of  flyer  velocity  as  a function 
of  time  for  a 2.54-cm  diameter,  0.025-cm  thick  flyer 
driven  by  a 2.54  X 2.54-cm  X 51  /am  foil,  with  40  kV 
charging  voltage  on  the  capacitor  bank.  The  arrow  in- 
dicates the  time  at  which  the  flyer  reached  the  end  of 
the  5-mm-long  barrel.  The  electrical  power  expended 
in  the  exploding  foil  was  measured  simultaneously  by 
monitoring  the  current  and  voltage  across  the  foil, 
and  is  plotted  in  Fig.  2b.  The  electrical  power  dissi- 
pation is  sharply  peaked  at  the  time  the  foil  explodes 
(burst  time)  and  the  flyer  does  not  show  appreciable 
motion  until  shortly  before  burst  Due  to  the  transit 
time  of  pressure  waves  through  the  0.25-mm-thick 
flyer,  it  appears  in  the  figure  as  if  burst  and  flyer  mo- 
tion occur  simultaneously,  but  the  foil  actually  begins 
to  expand  somewhat  earlier.  From  the  early  flyer  ac- 
celeration we  estimate  an  initial  pressure  behind  the 
flyer  of  ~5  GPa,  which  gives  an  estimated  shock  tran- 
sit time  through  the  flyer  of  ~0.1  ps. 

Inspection  of  Fig.  2a  shows  that  the  flyer  con- 
tinues to  accelerate  as  it  moves  down  the  barrel.  The 
selection  of  barrel  length  defines  the  range  of  veloci- 
ties which  can  be  obtained.  Longer  barrels  increase 
both  the  upper  and  lower  limits  on  the  flyer  velocity. 
Maximum  barrel  length  is  limited  by  instabilities 
which  destroy  flyer  planarity.  There  is  also  a mini- 
mum feasible  barrel  length,  dictated  by  two  factors. 
First,  to  produce  a well-defined  pulse  when  the  flyer 
stiikes  the  target,  it  is  necessary  that  the  impact  pres- 
sure be  much  greater  than  the  pressure  of  the  metal 
vapor  pushing  the  flyer.  If  the  barrel  length  is  too 
short  there  may  still  be  considerable  pressure  behind 
the  flyer  when  it  strikes.  We  can  estimate  the  gas 
pressure  from  laser  velocity  interferometer  measure- 
ments of  the  flyer  acceleration  history.  For  most  of 
our  experiments  the  residual  gas  pressure  at  impact  is 
less  than  10%  of  the  impact  pressure,  so  we  neglect  it. 
The  other  effect  that  puts  a lower  limit  on  barrel 
lengths  is  that  the  initial  flyer  acceleration  becomes 
independent  of  bank  charging  voltage  at  higher  charg- 
ing voltages,  as  shown  in  Fig.  3.  In  some  cases  it  is 
desirable  to  sacrifice  velocity  range  in  order  to  attain 
lower  velocities,  but  one  should  be  aware  that  for 
very  short  barrels  (0.5  mm)  the  flyer  velocity  may 
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Fig.  2.  (a)  The  upper  curve  is  a laser-interferometer 
measurement  of  flyer  velocity  as  a function  of  time 
fora  2.54-cm  diameter,  0.025-cm  thick  flyer  driven 
by  a 2.54  X 2.54-cm  X 51 -pm  foil  with  40  kV  charg- 
ing voltage  on  the  capacitor  bank.  The  arrow  indi- 
cates the  time  at  which  the  Jlyer  reached  the  end  of 
the  barrel. 

(b)  The  lower  curve  is  the  electrical  power  dissipa- 
tion in  the  exploding  foil  plotted  as  a function  of 
time.  Curves  (a)  and  (b)  were  measured  simultane- 
ously and  are  plotted  on  the  same  time  axis.  Burst 
occurs  at  the  peak  of  the  power  curve. 

not  change  with  charging  voltage  above  a certain  volt- 
age. 

The  barrel  diameter  was  varied  over  the  range  640 
mm.  The  width  of  the  exploding  foil  element  was 
chosen  to  be  greater  than  or  equal  to  the  barrel  diam- 
eter. If  barrels  with  diameters  much  greater  than  the 
foil  width  are  used,  gases  jetting  around  the  flyer 
make  it  difficult  to  determine  impact  time,  and  ad- 
versely affect  the  characterization  of  the  flyer  impact. 

The  dependence  of  flyer  velocity  on  flyer  mass, 
foil  mass,  and  burst  current  density  can  be  described 
in  terms  of  an  electrical  analog  of  the  Gurney  model 
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Fig.  3.  Laser-velocity-interferometer  measurements 
of  velocity-time  curves  for  different  capacitor  bank 
charging  voltages.  Above  20  kV  the  early  accelera- 
tion is  independent  of  charging  voltage.  The  0.025- 
cm- thick  flyers  were  driven  by  a 0.05  X 0. 95 -cm  X 51 
pm  foil. 


suggested  by  Tucker  and  Stanton  (6).  The  Gurney 
model  (7)  predicts  the  velocity  of  plates  accelerated 
by  a high  explosive  charge  from  a characteristic 
energy  Eg  that  is  related  to  the  maximum  velocity  an 
explosive  material  is  capable  of  delivering  to  a plate. 
The  Gurney  model  assumes  a linear  velocity  profile  in 
the  explosive  reaction  products  and  partitions  kinetic 
energy  between  the  plates  and  the  products  so  as  to 
conserve  momentum.  For  a one-dimensional  system, 
where  an  explosive  sheet  of  mass  C per  unit  area  is 
backed  by  a tamper  of  infinite  mass  on  one  side  and  a 
plate  of  mass  M per  unit  area  on  the  other,  the  final 
plate  velocity  is 
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(1) 


Tucker  and  Stanton  assumed  that  the  characteristic 
energy  associated  with  an  electrically  exploded  foil 
depended  only  on  the  burst  current  density  JB  of  the 
foil  and  wrote  the  Gumey  equation  in  the  form 


(2) 


accelerated  flyer  plates,  they  showed  that  the  Gurney 
theory  was  applicable  over  a wide  range  of  burst  cur- 
rent densities.  Figure  4 shows  a fit  to  some  of  our 
data  using  Eq.  2.  The  Gurney  theory  has  been  very 
useful  in  estimating  how  the  flyer  velocity  changes 
with  changes  in  M,  C,  and  JB . Fitting  the  Gurney  for- 
mula to  experimental  data  is  also  a convenient  way  to 
summarize  the  results  of  a large  number  of  velocity 
measurements. 

Figure  5 shows  a streak  camera  record  of  a typical 
flyer  impact  on  a 1-mm  step.  Experimental  parame- 
ters were:  40-kV  charging  voltage,  5 1 -pm  foil  thick- 
ness, 0.25-mm  flyer  thickness,  25.4-mm  barrel  diame- 
ter and  5-mm  barrel  length.  The  error  bars  denote 
the  standard  deviation  of  impact  times  relative  to  the 
impact  time  at  the  center  of  the  flyer,  as  determined 
from  25  individual  shots.  Over  the  central  22  mm  we 
estimate  the  spread  in  impact  times  to  be  2(  1 0-8  )s. 


J 


Fig.  4.  Flyer  velocity  vs  burst  current  density. 


where  the  barrel  length  is  assumed  to  be  constant  and 
where  K and  b are  empirically  determined  constants. 
By  fitting  Eq.  2 to  some  of  our  data  for  electrically 
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Fig.  5.  Flyer  impact  on  a 1-mm  step. 


A 
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INITIATION  STUDIES 

Figure  1 shows  a schematic  representation  of  the 
system  used  for  initiation  studies.  The  system  con- 
sists of  a foil-flyer  laminate  connected  to  an  appropri- 
ate capacitor  bank,  a barrel,  and  a plexiglass  (PMMA) 
holder  for  the  high  explosive  (HE)  sample.  The  initia- 
tion experiments,  for  the  most  part,  involved  impact- 
ing the  thin  flyers  on  the  HE  specimens  and  determin- 
ing the  flyer  velocity  threshold  required  for  initiation. 
The  transit  time  of  the  detonation  through  the  sample 
was  also  measured. 

Flyer  thickness,  and  diameter  are  other  experimen- 
tal quantities  which  were  varied.  Flyer  thickness  de- 
termines the  duration  of  the  pressure  pulse  intro- 
duced into  the  sample.  If  the  flyer  diameter  is  large 
enough  and  the  run  to  detonation  is  short  enough  so 
that  edge  rarefactions  do  not  reach  the  center  of  the 
shock  front  before  detonation  occurs,  one-dimen- 
sional initiation  experiments  may  be  performed.  This 
condition  was  easily  met  in  nearly  all  of  the  tests  we 
report  here.  By  reducing  the  flyer  diameters,  critical- 
initiation-diameter  effects  may  be  studied. 

The  onset  of  detonation  was  detected  by  coating 
the  face  of  the  HE  pellet  that  faces  the  streak  camera 
with  a thin  coat  of  Al2(SiF6)3,  a porous  compound 
which  gives  a bright  flash  when  strongly  shocked.  We 
recorded  the  light  output  for  various  shock  pressures 
and  found  that  no  significant  flash  was  produced  for 
pressures  below  20  GPa.  A flash,  therefore,  is  indica- 
tive of  the  high  pressures  associated  with  detonation. 
We  also  could  confirm  that  a detonation  had  occurred 
from  the  transit  time  of  the  reactive  shock  wave 
through  the  HE  sample.  By  transit  time  we  mean  the 
time  between  flyer  impact  and  first  detonation  light. 
Flyer  impact  time  was  determined  from  the  flash 
which  the  flyer  produces  on  impact.  For  some  exper- 
iments a flyer  10-rnm  larger  in  diameter  than  the  HE 
sample  was  used  and  the  flash  was  observed  around 
the  periphery  of  the  sample  as  in  Fig.  1 . Flyers  are 
typically  flat  to  within  1 mm  of  their  edge  and  the 
edges  lag  the  central  portion,  so  edge  effects  did  not 
affect  the  measurement  of  impact  time.  For  other 
experiments,  two  1-rara  diameter  holes  were  drilled 
through  the  sample  away  from  the  diameter  observed 
by  the  streak  camera.  Light  pipes  were  inserted  into 
the  holes  so  that  one  end  was  flush  with  the  impact 
surface  of  the  sample  and  the  other  end  was  twisted 
back  onto  the  slit  line  of  the  camera.  The  flash  pro- 


duced when  the  ends  of  the  light  pipes  were  impacted 
served  to  mark  the  time  of  impact. 

A typical  streak  camera  record  of  an  initiation  ex- 
periment is  shown  in  Fig.  6.  The  barrel  diameter  was 


Fig.  6.  Typical  streak  camera  record  of  an  initiation 
experiment.  The  flyer  velocity  is  well  above  initia- 
tion threshold.  The  streaking  rate  was  20  km/s,  with 
time  increasing  downward.  Flyer  impact  is  at  time  tt 
and  detonation  breakout  is  at  time  t y. 


35.6  mm  and  the  sample  diameter  was  25.4  mm,  so 
the  intense  light  from  the  exploding  foil  and  the  flash 
at  flyer  impact  could  be  seen  around  the  periphery  of 
the  sample.  At  flyer  impact  time  tj  the  flash  was  fol- 
lowed immediately  by  a reduction  in  light  intensity  as 
the  shocked  plexiglass  became  opaque.  Finally  at  t|>, 
the  detonation  wave  broke  out  of  the  face  of  the 
pellet.  The  detonation  breakout  was  nearly  simulta- 
neous over  the  face  of  the  pellet,  reflecting  the  simul- 
taneity of  flyer  impact.  The  transit  time  of  the  deto- 
nation was  T = t-| — tj . The  record  shown  in  Fig.  6 is 
for  a flyer  velocity  well  above  the  threshold.  For 
flyer  velocities  near  threshold,  the  detonation  break- 
out was  rounded  and  was  often  very  ragged,  as  if  ini- 
tiation occurred  in  isolated  regions  near  the  impact 
surface.  The  rounding  of  the  detonation  near  thresh- 
old may  be  attributed  to  the  effect  of  edge  rarefac- 
tions. A ragged  breakout  could  result  from  increased 
sensitivity  near  threshold  to  slight  variations  in  flyer 
impact  or  sample  homogeneity.  When  the  detonation 
was  ragged  or  curved,  we  still  defined  transit  time  as 
the  time  from  flyer  impact  to  the  earliest  detonation 
breakout. 

The  range  of  flyer  velocities  available  from  a given 
foil-flyer  laminate  determines  the  explosives  which 
can  be  studied.  Most  of  our  work  has  been  with  a 
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laminate  which  we  used  to  study  TATB,  a very  insen- 
sitive explosive.  This  laminate,  which  we  designate 
t)  ligh-energy  laminate,  uses  a 51  /am  thick  A1  foil 
w iose  width  and  length  are  equal  to  the  barrel  diam- 
eter. With  0.25-mm  flyer  thickness,  the  high-energy 
laminate  gives  flyer  velocities  in  the  range  1.5-14 
km/s.  The  barrel  length  was  5 mm  or  '•  .67  mm,  de- 
pending on  the  desired  velocity  range, 

We  find  that  the  flyer  velocities  from  the  high- 
energy  laminate  are  too  high  to  probe  the  initiation 
threshold  of  the  more  sensitive  explosives.  Py  using  a 
5.08  X 5.08  cm  X 13  /im  A1  foil  md  a 51  p n thick 
flyer,  we  have  produced  a laminate  which  gives  flyer 
v -locities  in  the  range  0.5-2  km/s  when  used  wf  h a 
0.25  mm  long  barrel.  With  this  laminate,  which  we 
will  call  the  low-energy  laminate,  we  have  studied  the 
initiation  threshold  of  1 .25-1.70  Mg/m3  PETN.  It 
proved  to  be  very  difficult  to  measure  flyer  velocities 
below  1 km/s  using  step-fl^her  techniques,  so  the 
velocity  calibration  was  made  using  the  V1SAR.  In 
Fig.  7 we  present  flyer  velocity  as  a function  of  burst 
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Fig.  7.  Flyer  velocity  calibration  curves.  The  upper 
curve  is  jot  the  high-energy  laminate  with  a 5-mm 
barrel,  ike  lower  curve  Is  for  the  low-energy  laminate. 


curr  nt  density  for  the  low-onergy  laminate  and  also 
for  the  high-energy  laminate  with  a 5-mm  baricl 
length.  The  calibration  curve  for  the  high-energy  lam- 
inate with  a 1 .67-rnm  barrel  length  was  shown  earlier 
in  Fig.  4. 


In  practice,  one  can  calibrate  flyer  impact  velocity 
against  eithei  burst  current  density  or  capacitor  bank 
charging  voltage.  In  studying  flyer  performance  the 
burst  current  density  is  more  applicable,  since  one 
can  use  the  Gurney  equation  to  compare  and  summa- 
rize results  Cor  different  foil  cross  sections  and  flyer 
thicknesses.  Bank  charging  voltages  are  more  easily 
and  accurately  measured,  however.  For  routine  ini- 
tiation experiments  we  usually  measured  a voltage 
threshold  for  initiation,  which  we  could  convert  to  a 
velocity  threshold  through  our  calibrations.  We  rou- 
tinely monitored  current,  on  each  shot,  however,  so 
either  a voltage  or  current  calibration  could  be  used. 
Experimental  scatter  was  about  the  same  using  either 
calibration. 

To  demonstrate  the  range  of  pressure  pulses  that 
can  be  achieved  we  will  consider  the  impact  of  the 
PET  flyers  on  KEL-F  fluorocarbon  (polychlorotri- 
tluoroeihylcne).  KEL-F  is  a good  shock  impedance 
match  to  many  common  high  explosives  and  the 
Hugoniot  equate."  «f  state  for  KEL-F  has  recently 
been  rr.  asured  over  a wide  range  of  pressures  (8). 
Peak  impact  pressures,  plotted  as  a function  of  flyer 
velocity  in  Fig.  8,  were  computed  using  the  Hugoniot 
data  of  Table  1 . The  Hugoniot  equation  of  state  of 
the  PET  film  material  (Mylar)  used  for  the  flyers  has 
been  measured  only  up  to  2.5  GPa  (9).  Since  the 


Fig.  8.  Peak  impact  pressure  vs  flyer  velocity  for  the 
impact  of  a PET  flyer  on  a KEL-F  target. 
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TABLE  1 


Material 

Mg/m3 

Equation: 

Ref.  (8) 

Polyester 

1.4* 

Us  = 2.54  + 

1.49  Up 

0.7  < Up  < 

2.6  km/s 

1.4* 

Us  = 2.16  + 

1.41  Up 

3.4  < Up  < 

5.1  km/s 

Polychlorotri- 

2.13 

Us  = 2.05  + 

1 .66  Up 

fluoroethylene 

(KEL-F 

0.6  < Up  < 

2.9  km/s 

fluorocarbon) 

2.13 

Us  = 2.51  + 

1.51  Up 

3.0<Up< 

4.1  km/s 

*The  data  quoted  in  (8)  were  for  a polyester  resin  of  density 
1.2  Mg/m3. 


pressure  range  of  interest  to  us  was  mostly  at  higher 
pressures,  we  used  the  Hugoniot  equation  of  state 
from  (8)  for  clear  cast  polyester,  a material  made 
from  the  same  polymer  as  the  PET  film  (10).  The 
data  for  clear  cast  polyester  in  (8)  was  for  material  of 
density  1 .2  Mg/m3 , and  we  used  these  data  for  the 
PET  film  Hugoniot,  adjusting  the  density  to  1 .4 
Mg/m3. 

Using  conservation  of  energy  principles  and  the 
data  of  Table  1 we  have  also  computed  P2r  as  a func- 
tion of  flyer  velocity,  where  P is  the  peak  pressure 
and  r is  the  pulse  duration.  In  Fig.  9 we  show  the 
range  of  P2t  values  produced  by  PET  flyer  impact  on 
KEL-F.  Since  some  investigators  ( 1 1)  have  used  a 
ciitical  value  of  P2t  (or  critical  energy  fluence)  as  an 
initiation  criterion,  the  curves  of  Fig.  9 permit  an  esti- 
mate of  the  range  of  explosives  which  n ’'e  studied 
with  the  electrically  driven  flyer  plates.  Approximate 
critical  values  of  P2r  for  varF'  t explosives  are  indi- 
cated on  the  right  hand  side  oi  the  figure.  Figure  9 
shows  that  the  more  insensitive  explosives  are  more 
easily  studied  with  the  electrically  driven  flyer  plates. 
For  the  more  sensitive  explosives  the  range  of  flyer 
velocities  and  flyer  thicknesses  which  lie  below  the 
initiation  thrcihcld  becomes  very  restricted.  Thresh- 
old velocities  for  »*ETM  are  higher  than  indicated 
from  Fi,?.  9 because  the  curves  were  calculated  for  a 
flyer  impacting  KEL  ?,  which  is  a poor  impedance 
match  to  the  lower  density  PETN  samples. 


Fig.  9.  P2t  vs  flyer  velocity  for  the  impact  of  a PET 
flyer  on  a KEL-F  target,  where  P is  the  peak  pressure 
and  t is  the  pulse  duration.  P2t  was  calculated  using 
energy  conservation  principles  and  the  Hugoniot  data 
from  (8). 


RESULTS  AND  DISCUSSION  OF 
INITIATION  EXPERIMENTS 

To  demonstrate  the  versatility  of  electr  ..ally 
driven  flyer  plates  in  initiation  studies,  we  will  dis- 
cuss experiments  we  have  conducted  on  PETN 
(pe.  itaerythritol  tetranitrate),  TATB  (1 ,3 ,5 -triamino; 
2,4,6-trinitrobenzene),  PBX-9404,  and  nitromethane. 

PETN  Initiation 

The  PETN  samples  were  pressed  Into  10.2-mm- 
long,  25.4-mm-diameter  cylinders  from  PETN  powder 
with  specific  surface  of  about  6000  em2/g.  Sample 
densities  were  1.25, 1.50,  1.60, 1.70,  and  1.77 
Mg/m3.  The  1.77  Mg/m3  PETN  was  initiated  with 
25.4-mm-diameter, 0.05-mm-thick  flyers  from  the 


high-energy  laminate.  These  pellets  were  translucent 
so  no  light  pipes  were  necessary.  Flyer  impact  could 
be  viewed  directly  through  the  pellet.  The  lower- 
density  PETN  samples  were  more  sensitive,  so  it  was 
necessary  to  use  35.5-mm-diameter,  0.05-mm-thick 
flyers  from  the  low-energy  laminate  to  probe  the  ini- 
tiation threshold.  Since  the  flyer  diameter  was  10 
mm  larger  than  the  pellet  diameter,  flyer  impact 
could  be  viewed  around  the  periphery  of  the  pellet,  as 
was  discussed  in  the  previous  section. 

Figure  1 0 summarizes  the  results  of  our  PETN  ini- 
tiation experiments.  In  Fig.  10  we  plot  excess  transit 
time,  At  = T-X/D,  as  a function  of  flyer  velocity, 
where  T is  the  measured  transit  time,  X is  the  pellet 
thickness,  and  D is  the  detonation  velocity.  If  no  det- 
onation was  observed,  we  denote  the  experiment  by 


Fig.  10.  Results  of  PETN  initiation  experiments.  Ex- 
cess transit  time  is  plotted  as  a function  of  flyer 
velocity.  If  initiation  did  not  occur,  the  experiment 
is  denoted  by  an  X on  the  velocity  axis  at  the  appro- 
priate velocity. 


an  X on  the  velocity  axis  at  the  appropriate  velocity. 
Detonation  velocities  were  obtained  from  the  tabula- 
tion in  (12).  The  excess  transit  time  remains  small, 
even  for  flyer  impact  velocities  near  tho  initiation 
threshold.  The  initiation  bohavior  appears  to  be  dom- 
inated by  the  rarefaction  which  catches  up  to  the 
shock  front  from  the  rear.  Initiation  or  failure  must 
occur  close  to  the  impact  interface.  1'hc  PETN  data 
together  with  tho  TATB  data  presented  below  dem- 
onstrate the  wide  range  of  shock  sensitivities  which 
can  be  studied  using  electrically  driven  flyer  plutos. 

TATB  Initiation- Flyer  Thickness  Effects 

Tho  Initiation  of  1 .80  Mg/m3  TATB  pellets  (B-226 
material)  (13)  was  studied  using  flyer  thicknesses  of 
0.05, 0.1 3, 0.25, 0.51,  and  1.27  mm  In  conjunction 
with  the  high-energy  laminate.  The  pellets  wore  25.4 
mm  in  diameter  and  19.1  mm  long.  Flyer  Impact 
time  was  detected  with  light  pipes,  as  described  ear- 
lier. The  initiation  threshold  was  observed  to  Increase 
with  decreasing  flyer  thickness,  as  shown  in  Fig.  1 1 . 
The  excess  transit  time  near  threshold  increased  with 
increasing  flyer  thickness.  The  thicker  flyers  produce 
a longer  pulse,  allowing  a longer  run  distance  to  deto- 
nation and  consequently  a larger  excess  transit  tlmo. 

TATB  Initiation-Flyer  Diameter  Effects 

In  Fig.  12  wo  show  the  Initiation  threshold  for 
1 .80  Mg/m3  TATB  pellets  (B-317-Matorial)  (13)  as  a 
function  of  flyer  diameter.  The  high-energy  laminato 
was  used  with  u flyer  thickness  of  0.25  mm.  The 
threshold  was  the  same  for  the  25.4  and  12.7-mm  fly- 
ers, but  increased  substantially  as  the  flyer  diamuter 
was  reduced. 

PBX-9404  Initiation-Flyer  Velocity  Effects 

The  electrically  driven  flyers  can  supply  poak  pres- 
sures far  in  excess  of  the  detonation  pressure  of  any 
chemical  explosive.  In  Fig.  13  we  show  excess  tran- 
sit time  as  a function  of  flyer  velocity  for  1 .84  Mg/m3 
PBX-9404.  The  high-energy  laminate  with  a flyer 
thickness  of  0.25  mm  was  used.  Flyer  impuct  time 
was  detoctod  with  light  pipes,  as  described  earlier. 
Near  threshold  the  excess  transit  time  increased  as  the 
flyer  velocity  decreased,  as  was  observed  in  the  TATB 
experiments.  The  flyer  kinetic  energy  at  initiation 
threshold  was  0.64  MJ/m2,  in  agreement  with  the  re- 
sults of  other  investigators  (11,14). 
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Fig,  11,  Flyer  thickness  effects.  Flyers  of  25,4-mm 
diameter  and  various  thicknesses  were  Impacted  on 
TA  TU,  Excess  transit  time  Is  plotted  as  a Jlmctlon  of 
Jlyer  velocity,  Failures  are  denoted  by  an  X on  the 
velocity  axis  at  the  appropriate  velocity. 


As  tlu)  flyer  velocity  was  Increased  the  excess  tran- 
sit time  approached  zero  and  then  became  negative, 
i.o.,  the  detonation  was  ovordrlvon,  The  crossover 
point  occurred  when  the  (Iyer  velocity  was  about  6 
km/s,  This  corresponds  to  an  impact  pressure  of  37 
Cil’a,  which  is  very  close  to  the  measured  Chapman- 
Jouguet  pressure  of  9404  (14),  At  the  highest  veloc- 
ity of  14  km/s  the  peak  pressure  was  160  GPu  and 
substantial  overdrive  occurred. 

Nitromethanc  Initiation 

Liquid  explosives  can  be  easily  studied,  using  elec- 
trically driven  flyer  plates,  To  study  nitromethano 
(NM)  initiation,  we  used  the  same  experimental  con- 
figuration as  in  Pig.  1 . The  HE  holder  was  made  from 
a polyester  motcriul,  which  is  not  chemically  attacked 


Fig,  12,  Flyer  diameter  effects,  Flyers  of  0,25 -nun 
thickness  and  various  diameters  were  Impacted  on 
TA  TB.  Threshold  velocity  required  for  Initiation  Is 
plotted  vs  flyer  diameter. 


Mg.  Id.  Myer  velocity  effects,  Excess  transit  time  vs 
Jlyer  velocity  Is  plotted  for  P 11 X -9404,  Flyer  thick- 
ness was  0.25  mm.  Flyer  diameters  v,  ere  25.4  mtn 
except  for  the  7, 7 km/s  experiment  where  a 12, 7-mm- 
diame ter  Jlyer  was  used,  and  the  experiments  at  12 
km/s  and  14  km/s,  which  employed  a 9,5-mm- 
diameter  flyer,  Failures  are  denoted  by  an  X on  the 
velocity  axis  at  the  appropriate  velocity. 


by  the  NM,  u 13  pm  PET  film  was  stretched  and 
bonded  across  the  bottom,  and  a polyester  cover  was 
bonded  over  the  top  of  tiie  holder.  Two  small  holes 
wore  drilled  in  the  cover  s . that  NM  could  be  injected 
through  one  holo  and  air  could  escape  through  the 
other.  Since  tire  NM  was  transparent,  flyer  inipuct 
could  be  observed  directly  and  detonation  urrival  was 
detected  by  the  opaqueing  of  the  covor  plate  at  shock 
arrival.  The  high-energy  laminate  was  used,  witli  a 
25,4-mm-diameter  barrel  and  u 0.25-mm-thick  flyer. 
Figure  14  shows  the  initiation  of  commercial-grade 
NM  where  the  flyer  velocity  was  4 km/»,  giving  a peak 
pressure  of  13  GPa.  Impact  pressures  of  9 GPa  initi- 
ated the  NM,  but  He  initiation  was  very  ragged.  We 
have  not  performed  enough  experiments  to  determine 
a meaningful  initiation  threshold. 


Mg.  14,  Streak  camera  record  of  a nitromethane  ini- 
tiation experiment.  Myer  velocity  was  4 km/s,  giving 
a peak  pressure  of  13  GPa,  Fiyer  impact  is  at  time  tt 
and  the  detonation  wave  reaches  the  cover  plate  at 
time  t'j; 


SUMMARY  AND  CONCLUSIONS 

Wc  have  developed  a simple,  inexpensive  facility 
for  studying  initiation  properties  of  explosives.  Our 
system  uses  electrically  exploded  metal  foils  to  accel- 
erate plastic  flyer  plates  to  velocities  in  the  range 

0.5-14  km/s.  These  flyer  plates  provide  u well-dofined 
stimulus  upon  impact  with  a high-explosive  specimen. 
Peaf  pressures  in  tho  range  1-160  GPa  and  pulse 
widths  in  the  range  0.005-0.5  can  be  produced. 

The  wide  range  of  impact  pressures  und  pulse  widths 
pcmiits  studies  over  a broad  range  of  shock  sensitivi- 
ties. To  demonstrate  the  capabilities  of  the  system 
wc  report  results  of  Initiation  experiments  on  PETN 
(1 .25-1 .77  Mg/m3),  TATB  (1 .80  Mg/m3),  PBX-9404 
(1 .84  Mg/m3),  and  nitromethano. 

Our  primary  use  of  electrically  driven  flyer  plates 
has  boon  as  a convenient  means  of  ordering  HE  com- 
positions according  to  their  shock  sensitivity.  Within 
the  last  year  we  have  conducted  ~90Q  initiation  ex- 
periments with  our  electrical  system,  a number  that 
would  be  difficult  to  match  with  any  other  system 
capable  of  one-dimensional  initiation  studies.  By 
varying  the  flyer  diameter  we  have  also  studied  some 
of  the  two-dimensional  aspects  of  initiation  and  the 
propagation  of  detonation  waves. 


Some  of  the  unique  capabilities  of  the  electrical 
system  will  be  useful  in  testing  theoretical  models  of 
initiation  and  detonation.  The  short-pulse,  high- 
pressure  capability  permits  experiments,  where  for 
some  explosives,  the  width  of  the  pressure  pulse  is 
smaller  than  the  reaction  zone  width,  or  where  the 
peak  pressure  is  substantially  higher  than  the  detona- 
tion pressure.  Results  of  such  experiments  extend 
the  rang"  ov»r  which  Initiation  models  can  be  tested. 
Electricallv  driven  flyer  plates  show  promise  as  a 
stand,  1 ii'i'  sensitivity  test.  The  system  is  rela- 
tivr*i_  ii  "e,  experiments  can  be  performed 

qukidy  a cost,  and  the  shock  stimulus  is 

well  char. 


ACKNOWLEDGEMENTS 

We  gratefully  acknowledge  the  support  and  en- 
couragement of  R.  L.  Wagner,  the  assistance  of  M.  H. 
Martin,  W.  W.  Hofer  and  the  dedicated  efforts  of  the 
many  LLL  technicians  who  prepared  and  fired  the  ex- 
periments reported  here.  We  also  acknowledge  the 
important  contributions  of  J.  R.  Stroud  in  the  initial 
work  on  ME  initiation  with  electrically  driven  flyer 
plates. 


REFERENCES 

1 . R.  C.  Weingart,  Rpt.  UCRL-5000-69-7,  Univer- 
sity of  California,  Lawrence  Livermore  Labora- 
tory, Livermore,  Ca  (1969). 

2.  J.  R.  Stroud,  Rpt.  UCRL-5000-70  10,  University 
of  California,  Lawrence  Livermore  Laboratory, 
Livermore,  Ca  (1970). 

3.  D.  V.  Keller  and  J,  R.  Penning,  Jr.  in  Exploding 
Wires,  Pol.  2,  W.  G.  Chase  and  H.  K.  Moore 
[Eds.] , (Plenum  Press,  New  York  1962),  p.  263. 

4.  A H.  Guenther,  D.  C.  Wunsch  and  T.  D.  Soapcs 
in  Exploding  Wires,  Vol,  2,  W.  G.  Chase  and 

H.  K.  Moore  [Eds.] , (Plenum  Press,  New  York 
1962),  p.279. 

5.  L.  M.  Barker  and  R.  E.  Hollenbach,  J . Appi. 

Phys.  43, 4669  (1972). 

6.  T.  J.  Tucker  and  P.  L.  Stanton,  Rpt.  SAND 
750244,  Sandia  Laboratories,  Albuquerque,  N.M. 


662 


7.  R.  W.  Gurney,  Rpt.  405,  Batteile  Memorial  Insti- 
tute, Columbus,  Ohio,  1943. 

8.  W.  J.  Carter,  S.  P.  Marsh,  and  R.  G.  McQueen, 
Private  communication. 

9.  Frank  Davies,  Rpt.  D2-1 25304-1,  The  Boeing 
Company,  Seattle,  Wash.  1969. 

10.  K.  J.  Mackenzie,  Modem  Plastics  Encyclopedia 
52  135(1975). 

11.  F.  E.  Walker  and  R.  J.  Wasley,  Explosivstoffe,  1, 
9(1969). 


12.  B.  Dobralz,  Rpt.  UCRL-51319,  University  of 
California,  Lawrence  Livermore  Laboratory 
(1974). 

13.  R.  K.  Jackson,  et.  al,  Rpt.  UCRL-7761 1,  Univer- 
sity of  California,  Lawrence  Livermore  Labora- 
tory, (1976),  (to  be  published  in  Proc.  Sixth 
Symposium  on  Detonation,  San  Diego,  Ca,  1976). 

14.  L.  G.  Green,  E.  J.  Nidik,  Jr.,  and  F.  E.  Walker, 
Rpt.  UCRL-51522,  University  of  California, 
Lawrence  Livermore  Laboratory  (1974). 


| 


MULTIPLE-EXPOSURE  IMAGE-INTENSIFIER  CAMERA 


0.  G.  Winslow,  W.  C.  Davis  and  W.  C.  Chiles 
LuS  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico  87545 


An  image-in  tensifler  camera  with  light  gain  of  a few  thousand  times  and  exposure 
pulse  times  as  short  as  8 ns  has  been  applied  to  the  study  of  high  explosives.  A 
unique  feature  is  the  recording  of  the  self-light  of  detonating  explosive,  which  ap- 
pears as  a line  in  the  photograph,  with  up  to  ten  multiple  exposures  independently 
spaced  in  time.  The  light  gain  of  the  intensifier  allows  recording  detonation  light 
with  very  short  exposures  even  when  the  light  is  very  weak,  too  weak  for  ordinary 
photography. 


Multiple-exposure  photography  of  the  self-light  of 
detonation  waves  has  proven  a useful  technique  for 
tne  study  of  detonation  phenomena.  In  solid  explo- 
sives the  light  from  the  detonation  emerges  from  the 
explosive  surface  only  in  a very  thin  line  near  the  in- 
tersection of  the  wave  and  the  surface,  so  that  a 
single-exposure  photograph  records  a single  narrow 
line  corresponding  to  that  intersection.  Multiple  ex- 
posure records  a set  of  narrow  linos  corresponding  to 
the  intersections  at  the  separate  times  of  exposure. 
The  resulting  photogruph  looks  much  like  a contour 
map,  and  can  be  interpreted  easily. 
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The  camera  we  have  used  employs  a commercial 
image-intensifior  tube  purchased  from  ITT,  Electro- 
Optical  Products  Division,  Tube  and  Sensor  Labora- 
tories, which  is  about  18-mm  diameter,  resolves  about 
20  line  pairs/mm  over  tho  whole  frame,  and  has  a use- 
ful light  gain  of  up  to  about  1COO.  The  image- 
in  tensiiler  tube  is  a simple  proximity-focused  diode, 
with  a multi-channel  plate  introduced  between  the 
photocathode  and  the  phosphor.  A diagrammatic 
representation  of  the  tube  is  shown  in  Fig.  I . The 
multi-channel  plate  consists  of  a dense  array  of  tiny 
channels,  each  about  lO-jam  internal  diameter  and 
1 mm  long,  so  the  aspect  ratio  is  100.  An  electron 
from  the  photocathode,  proximity  focused  on  the 
multi-channel  plate  immediately  behind  the  spot 


Photographic  film  In  contact  with  foc#p,ol» 

Fig  I.  image  intensifier  tube. 

where  it  was  produced  on  the  cathode,  enters  a chan- 
nel and,  because  the  channel  is  o/iented  at  an  anglo  to 
the  electron  direction,  travels  through  the  channel 
making  many  reflections  at  a glancing  angle  on  tho 
channel  wail.  At  each  of  these  reflections  secondary 
electrons  are  produced,  with  the  number  controlled 
by  the  voltrge  applied  across  the  multi-channel  plute. 
The  group  of  electrons  emerging  from  the  channel  is 
pioximity-focuied  to  a spot  on  the  phosphor  behind 
it,  where  they  are  converted  to  light.  Thus  the  multi- 
channel plate  acts  as  an  imaging  tight  amplifier.  The 
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plate  supporting  the  phosphor  is  a fiber  optics  array, 
so  the  film  is  simply  pressed  against  the  array,  with 
no  other  optics  needed.  The  system  used  only  one 
lens,  the  objective  which  images  the  subject  on  the 
photocathode. 

The  electrical  system  provides  three  independent 
accelerating  potentials  to  the  tube:  1 ) from  photo- 
cathode to  multi-channel  plate,  which  is  gated  for  the 
exposure  time  from  a back  biased  condition;  2)  across 
the  multi-channel  plate,  which  is  varied  to  adjust  the 
electron  gain  in  the  plate  for  proper  exposure;  and 
3)  from  multi-channel  plate  co  phosphor,  which  is 
held  fixed.  The  gate  pulse  for  potential  1 is  derived 
from  a length  of  coaxial  cable;  the  length  of  the  cable 
determines  the  exposure  time.  The  cable  is  dis- 
charged through  threo  avalanche  transistors  in  series 
to  obtain  the  pulse,  which  is  then  fed  to  the  tube. 

For  multiple  exposures,  a diode  mixer  is  inserted  be- 
tween the  pulsers  and  the  tube,  so  that  the  pulsers 
don’t  interact.  The  pulse  length  is  about  1 1 ns/m  of 
cable,  and  cables  from  0,6  m to  60  m are  used.  An 
artificial  iumped-elcment  cable  is  used  to  provide  a 
30-ms  pulse  for  taking  set-up  pictures,  because  dc  op- 
eration was  found  to  degrade  the  photocathode,  ap- 
parently by  heating.  Potential  2 is  used  to  control 
the  gain  of  the  system  for  proper  exposure,  and  the 
gain  can  be  varied  more  than  1 00  fold  while  maintain- 
ing even  gain  over  the  full  picture.  With  tho  photo- 
cathode back  biased,  tho  spontaneous  production  of 
light  by  the  multi-channol  plate  and  the  phosphor  is 
low  enough  that  there  seems  to  be  no  need  to  gate 
potentials  2 and  3,  as  the  film  shows  no  exposure  in 
the  several  minutes  these  potentials  are  on.  A block 
diagram  of  the  complete  system  is  shown  in  Fig,  2. 


Fig.  2.  Block  diagram  of  system. 


V'ith  its  combination  of  good  resolution  and  high 
light  gain  this  camera  has  proven  very  useful  in  the 
single  pulse  mode,  especially  because  it  allows  enor- 
mous simplification  of  the  lighting  for  the  subject. 
Ordinary  outdoor  illumination  is  adequate  for  expo- 
sures of  about  1/2  ms,  and  small  amounts  of  additional 
light  make  possible  exposures  down  to  a few  ns. 
Weakly  self-luminous  objects,  such  as  detonation 
fronts  in  diluted  liquid  explosives,  are  easy  to  photo- 
graph with  short  exposures. 

The  multiple-exposure  mode  ha3  proven  extremely 
useful  for  studying  the  progress  of  detonation  waves 
while  their  shape  is  changing  as  they  run.  The  light 
recorded  in  the  self-light  produced  by  the  detonation, 
with  the  usual  brightly  luminous  air-shock  light  re- 
moved by  immersing  the  explosive  in  water  or  an- 
other transparent  liquid.  The  detonation  front  pro- 
duces light  because  it  is  hot,  but  most  of  the  light  is 
not  seen  because  it  is  absorbed  inside  the  explosive. 
Only  when  the  wave  is  very  near  a surface  can  light  be 
seen  through  the  slightly  transluscent  explosive.  Tho 
dotonation  products  are  also  hot  and  emit  light.  As 
they  expand,  driving  a shock  wave  into  the  water, 
they  cool  rapidly.  In  most  explosives,  including  high- 
density  TNT,  Composition  B and  PBX-9404,  light 
from  the  front  is  brighter  than  that  from  tho  expand- 
ing products  even  right  behind  the  front,  and  photo- 
graphs show  light  through  the  transluscent  explosive 
ahead  of  the  wave  followed  by  a very  sharp  cut-off  of 
intensity  where  the  expansion  of  products  begins  at 
the  intersection,  in  the  high-density  plastic-bonded 
TATB  compositions,  however,  the  light  from  the 
front  is  dim  and  the  explosive  is  nearly  opaque  in- 
stead of  transluscent,  so  the  exposure  has  to  be  in- 
creased to  the  point  where  the  light  from  the  expand- 
ing products  is  recorded.  Then  there  is  almost  no  pre- 
cursor light  showing  through  the  explosive  ahead  of 
the  wave,  and  there  is  some  light  from  the  products 
behind  it.  Thus  the  intcnsity-vs-distancc  profile  for 
TATB  compositions  seems  to  be  the  opposite  of  that 
for  other  explosives.  At  any  rate,  cither  type  of  ex- 
plosive gives  a narrow  line  with  a sharp  leading  or 
trailing  edge  showing  where  the  wave  intersects  the 
surface. 

The  ability  to  make  multiple,  short-duration  pho- 
tographs of  the  position  of  a detonation  wave  has 
provided  a new  tool  for  studying  explosive  phenom- 
ena. Some  applications  are  presented  to  illustrate  the 
usefulness  of  this  technique.  In  the  first,  the  relative 
timing  of  an  electrical  “pin  switch”  signal  and  the 
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optical  signal  from  detonating  PBX-9404  was  meas- 
ured. Figure  3 shows  the  results  of  the  experiment. 


Fig.  3.  Multiple-exposure  photograph  of  detonation 
wave.  The  bright  lines  show  the  intersection  of  a line 
detonation  in  a thin  slab  of  PBX-9404  with  the  explo- 
sive surface.  Additional  general  illumination  is  pro* 
vided  by  exploding  bridgewires.  The  wires  running 
along  the  surface  of  the  explosive  are  used  to  record 
the  time  when  the  high-conductivity  wave  reached 
them , and  that  time  was  compared  with  the  position 
of  the  bright  light  signal.  The  field  of  view  is  29-mm 
diameter.  The  exposures  are  0.4  ps  apart,  and  the 
black  stripe  at  the  right  edge  is  a reference  tape  for 
position  measurements.  Shot  B-'/826. 


The  results  of  the  experiments  are:  (1)  The  time 
between  electrical  and  optical  signals  for  PBX-9404  is 
zero  within  6 ns.  (2)  The  resistance  change  in  the  re- 
action zone  of  PBX-9404  takes  place  not  more  than 
about  50  pm  from  the  line  where  the  light  cuts  off. 
(3)  Measurements  of  edges  to  about  one  thousandth 
of  the  picture  diameter  are  possible  for  pictures  taken 
with  the  18-mm  image-intensifier  tube,  and  local  dis- 
tortion does  not  seem  to  be  a problem. 

Figure  4 shows  a corner-turning  study  of  Composi- 
tion B.  The  steady  detonation  wave  in  a thin  slab  of 
explosive  meets  a larger  piece  at  an  angle,  as  shown  in 
the  diagram,  Fig.  4a.  The  10-exposurc  photograph, 


To  obtain  this  picture,  goneral  illumination  from  a 
group  of  exploding  bridgewires  in  water  was  used, 
and  the  camera  was  triggered  four  times  at  intervals 
of  about  400  ns,  The  whole  assembly  was  immersed 
in  mineral  oil  to  prevent  light  from  an  air  shock.  The 
four  vertical  bright  lines  in  the  pictures  are  the  self 
light  of  the  detonating  explosive  seen  in  the  four  suc- 
cessive exposures.  The  dark  line  at  the  right-hand 
edge  of  the  pictures  is  a reference  tape  used  tr  relate 
the  measured  positions  of  the  pins,  through  the  meas- 
ured magnification,  to  the  positions  of  the  jxplosive 
self  light.  The  pins  in  Fig.  3 are  wires  about  0,4-mm 
ukmeter,  lying  on  the  explosive  surface,  so  the  end  of 
the  contact  line  at  the  center  of  the  wire  Is  used  a* 
tire  pin  position. 


Fig.  4a.  Comer  turning  in  Composition  B.  The  line 
detonation  in  the  thin  (~4  mm)  slab  of  explosive  in- 
tersects the  thick  piece  above  at  an  angle,  so  the  wave 
can  be  seen  by  multiple  exposure  at  several  different 
distances  from  the  intersection, 

Fig.  4b,  shows  how  the  wave  develops  in  the  upper 
plate.  Bach  bright  line  shows  the  intersection  of  the 
wave  with  the  surface  of  the  explosive  at  a known  in- 
stant of  time,  and  the  set  of  lines  can  be  measured  to 
give  the  time-dependent  trajectories  of  the  detonation 
wave  as  it  turns  the  comer.  The  gap  in  Figs.  4a  and 
4b  is  front  a black  tape  positioned  at  the  intersection 
of  the  front  surfaces  of  the  two  pieces.  The  field  of 
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Fig.  4 b.  Comer  turning  in  Composition  H,  The  pho- 
tograph shows  ten  exposures,  the  first  two  of  which 
show  the  line  detonation  in  the  thin  slab.  Shot 
C-4560. 


view  is  about  70  mm,  ami  the  exposures  arc  0.25  ps 
apart.  The  development  of  lug  in  the  wave  ut  the  froo 
lower  surface  of  the  top  piece  can  be  seen  in  the 
fourth  to  seventh  exposures. 
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Fig.  S.  This  figure  shows  an  oblique  view  of  a block 
of  X-0290  (TA  Tli/Kel-F  95-5),  which  was  initiated  at 
a point  on  the  buck  face.  This  type  of  photograph  is 
much  easier  to  Interpret  than  the  corresponding 
smear-camera  photograph  for  asymmetry  in  the  Ini- 
tiating system  and  for  acceleration  of  the  wave  as  it 
progresses.  Also,  this  photograph  shows  the  self-light 
of  the  explosive,  which  Is  too  weak  to  record  using  a 
camera  without  the  light  gain  of  the  Image  intensifier. 
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A Velocity  Interferometer  System  for  Any  Reflector  ( V1SAR)  has  been  developed 
for  use  In  a high-explosive  facility.  This  VISAR  has  two  unique  features:  (1)  a 
dual  delay  leg  which  allows  for  unambiguous  determination  of  integral  fringes  as- 
sociated with  shock-wave  arrivals,  and  (2)  automatic  data  acquisition  and  reduction. 
The  VISAR  was  tested  by  measuring  the  multiwave  structure  produced  by  u poly- 
morphic phase  change  in  iron  at  13  GPa. 


INTRODUCTION 

In  the  past  few  years,  the  use  of  velocity  interferom- 
etry as  a diugnos'ic  too!  has  become  commonplace  in 
shock-wuve  experimentation  where  material  velocities 
reach  a few  millimeters  per  microsecond.  One  re- 
cently developed  instrument  for  doing  this  is  the 
Velocity  Interferometer  System  for  Any  Reflector  or 
VISAR  (1, 2).  A VISAR  senses  the  motion  of  a sur- 
face by  opticul  anulysls  of  light  which  has  been  re- 
flected, und,  hence,  Doppler-shifted  by  that  moving 
surface.  An  ordinary  Michelson  interferometer  can 
also  analyze  Doppler-shifted  light,  but  in  a different 
way.  A Michelson  interferometer  produces  inter- 
ference fringes  by  mixing  the  Doppler-shifted  light 
with  a portion  of  the  virgin  light  beam.  This  produces 
an  interference  fringe  phase  angle  proportional  to  the 
moving  surface  displacement.  In  shock  experiments, 
the  frequency  of  such  interference  fringes  is  ordinarily 
much  too  liigh  to  bo  useful.  A VISAR,  on  the  other 
hand,  uses  beam  splitters  and  a delay  leg  to  produce 
interference  fringes  by  mixing  light  Doppler  shifted 
at  time  t with  light  Doppler  shifted  at  time  t - r 
where  the  delay  time  r is  of  the  order  of  a few  nano- 
seconds. The  resulting  interference  fringe  phase  angle 
is  proportional  to  the  surface  velocity.  Continuous 
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records  of  surface  velocity  with  an  accuracy  of  a few 
percent  may  be  achieved, 

We  have  developed  a VISAR  which  incorporates 
state-of-the  art  technology  (1).  In  addition,  two  fea- 
tures which  greatly  enhance  its  usefulness  are:  (a) 
dual  delay  legs  and  (b)  automatic  data  acquisition  and 
reduction. 

The  principle  of  a dual-dclay-leg  interferometer  is 
simple;  the  Doppler-shifted  light  is  split  in  two  upon 
its  return  from  the  moving  surface,  and  a separate 
VISAR  system  is  built  for  each  half  of  the  beam.  The 
dual-delay-leg  circumvents  a drawback  of  a single- 
delay-leg system.  That  drawback  is  the  inability  of 
trie  system  to  record  integral  fringes  during  the  burst 
associated  with  the  discontinuous  jump  in  particle 
velocity  at  shock  fronts.  In  the  dual-delay-leg  system, 
if  the  total  number  of  fringes  is  kept  small,  and  if  the 
two  delay  times  r do  not  form  a ratio  of  small  whole 
numbers,  then  the  uncertainty  introduced  by  the  loss  of 
integral  fringes  at  discontinuous  shock  arrivals  can  be 
avoided  and  an  accurate,  unambiguous  measurement 
can  be  made  of  the  shock  jump  magnitude  (3),  as  well 
as  of  the  following  waveform. 

Automatic  data  reduction  is  accomplished  by  re- 
cording photomultiplier  outputs  directly  on  Tektronix 
R-79 1 2 waveform  digitizers  which,  in  turn,  are  coupled 
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directly  to  a PDP-1 1/40  computer.  Data  reduction 
and  hard-copy  plots  of  the  velocity  history  are  ob- 
tained within  seconds  after  an  experiment  rather  than 
after  several  hours  as  is  usually  required  to  digitize 
oscilloscope  pictures  and  to  process  data  by  use  of  an 
interactive  computer. 

After  describing  the  specific  optical  arrangement 
for  our  dual-delay-leg  interferometer,  the  results  of  a 
single  experiment  will  be  described. 


OPTICAL  LAYOUT 

The  optical  layout  of  our  dual-delay-leg  interfer- 
ometer is  shown  in  Fig.  1 . In  order  to  understand  the 
way  in  which  it  operates,  we  will  first  review  the  es- 
tablished principles  of  operation  of  a single-delay-leg 
VISAR  (1).  The  Doppler  shifted  light  enters  the 
VISAR  at  point  2.  Since  the  optical  train  will  use 
polarized  light,  it  is  desirable  to  remove  any  remnant 
of  polarization  which  might  have  been  introduced  by 
either  the  laser  or  by  the  reflecting  surface.  Such 
background  polarization  might  cause  fluctuations  in 
intensity  at  later  polarizing  stages.  To  accomplish 
this,  the  returning  beam  is  passed  through  a polar- 
ization scrambler  denoted  by  point  6.  At  point  10,  a 
fraction  of  the  beam  is  extracted  and  sent  to  the  in- 
tensity monitor.  The  intensity  monitor  is  used  to  es- 
tablish variation  in  peak-to-peak  interference  pattern 
amplitudes,  allowing  an  accurate  determination  of 
phase  angle  to  within  a small  fraction  of  a fringe. 

After  passing  through  a spike  filter  at  point  8,  the 
beam  is  polarized  at  45°  by  the  polarizer  denoted  9. 
After  being  polarized,  the  beam  enters  the  main  beam 
splitter.  We  can  trace  the  paths  in  this  VISAR.  One- 
half  of  the  light  passes  along  each  path  13-14-18-14 
and  13-14-16-14.  Along  the  path  14-16-14,  the,  beam 
must  pass  through  the  etalon  denoted  15.  The  etalon 
is  made  from  fused  quartz  and  delays  the  light.  The 
path  lengths  are  chosen  so  that  the  light  passing  along 
that  log  suffers  a delay,  r,  over  and  above  that  experi- 
enced by  the  light  passing  along  the  leg  14-18-14. 

The  delay,  r,  is  related  to  the  etalon  length  (1). 

Notice  that  the  light  which  traveled  along  the  un- 
delayed leg  passed  once  through  a quarter-wave  plate. 
The  index  of  refraction  of  the  quarter-wave  plate  is 
different  for  P than  for  S polarized  light.  The  quarter- 
wave  plate  thickness  has  been  chosen  so  that  a 90° 


phase  difference  is  produced  between  tbose  f and  S 
components  of  polarization.  The  reimnabiwd  beam 
enter  the  polarized  beam  splitter.  24,  and  the  P and  S 
components  are  recorded  separately  an  photomdtt- 
pliers  called  DATA  1 and  DATA  2,  coatanai 
identical  infoimation  but  in  a different  formal:  the 
interference  fringes  on  DATA  1 and  DATA  2 ate  90* 
out  of  phase  because  of  the  action  of  the  quarter -wave 
plate. 

A dual-delay-leg  interferometer  is  composed  of 
two  separate  VISARs,  each  of  which  is  supplied  one- 
half  of  the  returning  Doppler  shifted  light.  As  is  seen 
in  Fig.  1 , the  two  interleaved  VISAR  systems  are 
similar  it;  operation,  although  they  are  not  identical 
in  layout.  The  entire  VISAR  system  is  shown  in  the 
photograph  of  Fig.  2,  where  the  laser  and  power  sup- 
plies occupy  the  lower  compartments. 

DATA  ACQUISITION 

One  of  the  most  serious  drawbacks  of  a VISAR  for 
routine  application  is  the  laborious  process  of  data 
reduction.  It  is  necessary  to  calculate  the  phase  angle 
of  an  interference  fringe  history  to  a small  fraction  of 
a cycle  in  a situation  where  the  intensity,  hence  peak- 
to-peak  intensity,  is  varying.  We  have  eliminated  the 
difficulty  of  reading  oscilloscope  records  by  record- 
ing all  information  on  Tektronic  R-7912  digital  re- 
corders. These  digital  recorders  are  in  turn  coupled 
directly  to  a PDP-1 1/40  computer.  Data  acquisition 
and  reduction  are  automatically  accomplished  in 
seconds,  far  different  from  the  usual  hours  required 
to  digitize  oscilloscope  pictures  and  proceed  by 
normal  methods.  Figure  3 shows  a flow  diagram  of 
the  digital  interfaces. 

Experiment 

The  intent  of  our  first  experiment  was  to  verify 
the  performance  of  the  VISAR.  Normally,  explosive- 
driven  shocks  are  subject  to  considerable  variability 
and  therefore  arc  not  suitable  for  calibration  purposes. 
We  have  overcome  this  difficulty  by  tailoring  the 
shock  profile  by  using  a plane-wave  lens  to  drive  an 
iron  specimen. 

At  13  GPa,  iron  undergoes  a polymorphic  phase 
transformation,  and  the  result  of  that  phase  change  is 
to  produce  a multiwave  structure.  The  first  large 
wave  which  traverses  the  iron  is  always  at  the  phase 
transformation  pressure,  1 3 GPa. 
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Fig.  1.  Dual-delay-leg  VISAR  (optical  table) 

The  plane-wave  lens  and  2.5-mm-thick  iron  spec!-  interacts  with  the  free  surface,  the  reflection  proceeds 
men  are  shown  in  Fig,  4.  backward  and  perturbs  the  oncoming  13-GPa  wave. 

The  result  is  that  a new  elastic  precursor  forms  and 

Figure  5 shows  the  x-t  diagram  for  the  waves  in  reaches  the  free  surface  a short  time  prior  to  the 

iron  as  they  interact  with  the  free  surface  (5).  Inspcc-  arrival  of  the  13-GPa  wave.  The  final  wave  to  arrive 

tion  of  the  figure  shows  that  there  are  many  details  in  is  the  loading  wave  produced  by  the  plane-wave  lens, 

the  resulting  free  surface  motion.  The  first  arrival  is  Barker’s  experimental  result,  the  free  surface  velocity 

the  elastic  precursor.  When  the  elastic  precursor  versus  time/specimen  thickness,  is  shown  in  Fig.  6. 
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671 


HARD  COPY  UNIT 


Figure  7 shows  the  six  channels  of  information 
recorded  during  our  experiment.  DATA  1 and  DATA 
2 from  one  delay  leg  contain  the  same  information  as 
DATA  1 and  DATA  2 from  the  second  delay  leg.  As 
can  be  seen  from  Fig.  7,  the  two  records  can  only  be 
made  to  coincide  if  a fringe  burst  occurred  at  t = 0.2 


t 


Fig.  4.  Test  configuration  showing  the  location  of  the 
measurement 


Fig.  5.  X-t  diagram  of  stress  wave  interactions.  The 
elastic  (E)  wave  interactions  have  been  simplified. 


ps  and,  further,  the  burst  must  contain  one  whole 
fringe  on  delay  leg  1 and  one  whole  fringe  on  delay 
leg  2.  The  final  record  is  seen  to  agree  with  that  antic- 
ipated from  the  wave  interaction  analysis. 


UGH  UGtZ 


Fig.  7.  Raw  DATA  1 and  DATA  2 and  the  computer- 
generated free  surface  velocity  histories  are  shown  for 
each  leg.  The  history  labeled  “1  "in  Leg  1 is  nearly 
identical  to  that  labeled  "l  "in  Leg  2 and  corresponds 
with  Barker’s  data. 

The  assistance  of  Paul  E.  Matson,  who  prepared 
the  test  specimens,  and  of  Donald  J.  Mullikin,  who 
performed  the  experiments  is  gratefully  acknowledged. 
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WIDE  RANGE  VELOCITY  INTERFEROMETER 


B.  T.  Amery 

Ministry  of  Defence  Procurement  Executive 
Atomic  Weapons  Research  Establishment 
Southend-on-Sea  Essex  England 


A Doppler  Shift  Velocity  interferometer  has  been  developed  which  can  measure  the 
velocity  of  any  surface  whether  it  is  a specular  or  diffuse  reflector . Two  signals  in 
quadrature  are  provided  and  these  lead  to  1%  to  2%  accuracy  in  velocity  determina- 
tions. The  instrument  may  be  used  over  a very  wide  range  of  velocities.  Examples 
of  foil  impact  experiments  are  given  on  metal  and  non-metal  materials  over  the 
velocity  range  0.008  mm  psec~ 1 to  0.4  mm  pscc'1 . 


INTRODUCTION 

The  advent  of  the  laser  has  enabled  interferometry 
to  be  used  to  measure  surface  and  interface  velocities 
in  the  field  of  shock  wave  studies  but  initial  develop- 
ments in  this  field  have  required  the  specimen  to  have 
a small  surface  tilt  during  flight  and  to  retain  a mirror 
finish.' 

This  paper  describes  a velocity  interferometer  sys- 
tem that  provides  high  contrast  fringing  signals  from 
any  type  of  surface-specular,  diffuse  or  a mixture  of 
the  two.  With  a diffuse  surface  the  interferometer  is 
also  quite  insensitive  to  surface  tilt.  Moreover  there 
are  no  strict  limitations  to  the  range  of  velocities  over 
which  the  instrument  may  be  used  other  than  the 
space  available  in  the  laboratory.  It  is  in  this  re- 
spect that  this  instrument  has  an  advantage  over  the 
VlSAR(l). 


INTERFEROMETER  DEVELOPMENT 

Developments  in  this  field  by  L.  M.  Barker  and 
R.  E.  Hollenbach  led  to  the  Sandia  laser  velocity  in- 
ter ferometer  (2,3).  In  this  arrangement  a laser  beam 
is  reflected  from  a specular  shocked  specimen  and  the 
beam  is  split  and  recombined  after  one  part  has  been 
delayed  by  a few  nanoseconds.  At  any  instant  the 


light  reflected  from  the  specimen  and  having  a Dop- 
pler shift  impar.ed  to  it  by  the  surface  velocity,  is  re- 
combined with  light  that  originated  from  the  surface 
a time  r earlier,  where  r is  the  delay  time.  The  result- 
ing interference  fringes  are  detected  using  photo- 
multipliers. 


Barker  and  Hollenbach  relate  the  fringe  count  ANt 
to  the  surface  velocity  U,  by 


U, 


Xo 


AN, 


(t-r/2)  ~ 2r  (1  + A v/v) 


(1) 


where  X is  the  laser  wavelength,  Au/u  is  an  index  of 
refraction  correction  factor  for  any  “window”  mate- 
rial, t is  time  and  r = L/C  is  the  delay  time  of  the  in- 
terferometer with  a path-length  difference  L. 

Except  when  used  in  measuring  very  high  veloci- 
ties the  interferometer  will  employ  a long  path  differ- 
ence which  requires  the  light  entering  the  interferom- 
eter being  spatially  coherent  and  hence  implies  a 
specimen  surface  that  remains  specular.  If,  however, 
the  light  illuminating  a Michelson  interferometer  is 
incoherent,  high  quality  fringes  may  be  obtained  if 
the  two  end  mirrors  of  the  interferometer  appear  to 
be  coincident  from  the  view  of  the  detector  (4).  Un- 
fortunately this  configuration  would  detect  no  mo- 
tion as  a velocity  interferometer  since  the  transit 
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times  for  the  two  beams  would  be  equal  and  r would 
equal  zero,  giving  no  fringe  count  (Eq.  1). 

The  requirement  therefore  is  to  modify  the  inter- 
ferometer to  produce  the  spatial  coincidence  of  the 
end  mirrors  while  maintaining  their  temporal  separa- 
tion. This  is  achieved  by  using  lenses  within  the  inter- 
ferometer legs  to  image  the  end  mirrors  Ml  and  M2  at 
Ml'  and  M2'  so  that  the  two  images  are  coincident 
and  equidistant  from  the  beam-splitter  BS. 


DETECTORS 


Fig.  1.  Lenses  used  to  produce  coincident  images  o] 
interferometer  end  mirrors. 

A combination  of  two  lenses  separated  by  the  sum 
of  their  focal  lengths  is  used  in  each  leg  and  the  com- 
binations as  a whole  are  moved  to  maintain  the  mir- 
ror image  positions  as  the  end  mirrors  are  adjusted  for 
different  delay  leg  lengths.  A combination  of  two 
lenses  is  used  since  it  i"  a requirement  that  each  beam 
exactly  reproduces  itself  at  the  mirror  image  position 
on  the  way  back  to  the  beam  splitter.  Thus  the  spa- 
tial phase  irregularities  present  in  the  speckle  beam  re- 
flected from  a diffuse  surface  are  exactly  reproduced. 

WIDE  RANGE  VELOCITY  INTERFEROMETER 

A diagram  of  the  Wide  Range  Velocity  Interferom- 
eter as  used  in  conjunction  with  an  electromagnetic 
foil  throwing  facility  is  shown  in  Fig.  3 and  a photo- 
graph of  the  installation  in  Figs.  4 and  6. 

A CRL  1 watt  Argon-ion  laser  producing  up  to 
700  mW  single  frequency  light  at  5 145A  provides  the 
illumination.  The  beam  is  expanded  to  3 mm  diame- 
ter and  chopped  by  a rotating  disc  shutter  to  reduce 
the  mean  level  of  light  at  the  photomultipliers.  A 2 
mm  stop  SI  limits  the  beam  diameter  and  mirror  M3 
steers  the  light  to  the  specimen  which  is  in  the  focal 


plane  of  a 50  mm  diameter  30  cm  focal  length  lens. 
This  lens  receives  the  diffusely  reflected  light  from 
the  surface  and  recollimates  it.  The  telescope  ex- 
pands the  outgoing  2 mm  beam  and  condenses  the  re- 
turn beam  to  10  mm  diameter  for  use  in  the  interfer- 
ometer. In  this  way  the  amount  of  light  collected  is 
increased  and  any  intensity  fluctuations  due  to  a 
coarse  speckle  pattern  are  reduced. 

The  beam  splitter  B3  directs  the  reflected  light 
into  the  interferometer  and  polarizer  P,  at  45°  to  the 
plane  o incidence,  is  used  to  provide  two  equal  am- 
plitude S and  P components.  Beam  splitter  B2  directs 
one-third  of  the  total  light  via  mirrors  MS  and  M6  t 
the  intensity  monitor  photomultiplier.  Lenses  L5-L/ 
focus  the  aperture  S2  onto  fine  ground  glass  screens 
to  ensure  that  the  photomultiplier  photocathodes  are 
evenly  illuminated. 

Beam  splitter  B1  directs  one  beam  towards  the  end 
mirror  Ml  and  the  other  via  M4  towards  M2.  The 
levs  combination  LI , L2  forms  an  image  of  Ml  at  M T 
the  combination  L3,  L4  forms  an  image  of  M2  at 
M2'  such  that  Ml'  and  M2'  appear  coincident  when 
viewed  from  the  detectors.  The  first  order  A/8  wave 
plate  W is  arranged  to  retard  the  P-light  component 
by  a phase  angle  of  90°  on  a double  transit  so  that 
two  fringe  patterns  90°  out  of  phase  are  produced. 
These  patterns  are  separated  by  a Wollaston  prism  WP 
and  sensed  by  the  Sine  and  Cosine  photomultipliers. 

Since  B2  and  B1  are  not  used  at  normal  incidence 
the  reflectivities  will  not  be  the  same  for  the  P and  S 
light  components  .however  since  both  components 
are  reflected  and  transmitted  once  the  combined 
beams  producing  the  fringe  patterns  are  in  the  inten- 
sity ratio  1 : 1 .096  and  high  contrast  fringes  result. 

Any  inequalities  produced  can  be  removed  by  slight 
rotation  of  the  polarizer  P. 


ALTERNATIVE  FORMS  OF  INTERFEROMETER 

The  positions  of  Ml  and  M2  required  for  a particu- 
lar delay  tength  are  set  to  0.01  ems  by  using  the  ver- 
nier scale  of  the  optical  bench  on  which  the  custom 
built  mountings  are  carried.  To  zero  the  system  the 
coincident  positions  of  Ml  and  M2,  without  lenses  in 
the  system,  is  found  using  white  light  fringes. 

Figure  6 shows  the  interferometer  set  for  a Fringe 
Constant  of  0.20  mm  jrsec-1  Fringe-1 . Each  arm  of 
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the  interferometer  contains  two  lenses  and  this  is  the 
arrangement  used  for  insensitive  settings  of  the  Fringe 
Constant.  When  a sensitive  setting  is  required  the  ar- 
rangement shown  in  Fig.  4 is  used.  When  the  Fringe 
Constant  is  0.015  mm  /usee-1  Fringe-1 . M4  returns 
the  light  of  the  beam  splitter  becoming  one  end  mir- 
ror of  the  interferometer  and  M2  is  reversed  to  be- 
come the  other  mirror.  Lenses  LI  and  L2  now  image 
M2  via  the  mirror  comer  reflector  box  MB. 


OPTICAL  COMPONENTS 


All  the  surfaces  of  the  optics  in  the  interferometer 
are  flat  to  X/ 20  and  the  spherical  surfaces  of  the 
ienses  are  to  the  same  tolerance.  The  mirrors  and 
beam  splitters  are  dielectric  coated,  65  mm  in  diame- 
ter and  in  addition  the  beam  splitters  are  wedged  to 
Vi  . The  mirrors  M 1 , M2  and  M3  and  beam  splitter 
B3  have  tilt  adjustments  in  two  orthagonal  directions 
by  means  of  fine  screw  micrometers. 


To  maintain  high  contrast  fringes  it  is  a require- 
ment that  the  residual  wave  aberration  of  the  lenses 
used  in  the  interferometer  should  be  less  than  X/20: 
this  prohibits  the  use  of  commercial  doublets  and  so  a 
series  of  zero  coma  or  “crosse  d”  lenses  were  designed 
(5).  The  minimum  focal  length  that  could  be  used 
(20  cm)  was  determined  by  the  requirement  that  over 
1 cm  aperture  the  aberr  tion  criterion  should  be  met. 


For  the  Corrected  Sine  Condition  Coma  to  be  zero 


R,  n2 
R2  n2  - n - 1 


(2) 


and 


f=R, 


00 


where  Rt  and  R2  are  the  lens  surface  radii,  n the  re' 
fractive  index  of  the  glass  and  f the  focal  length  of 
the  lens. 


Since  each  lens  combination  is  capable  of  focusing 
the  end  mirrors  over  a range  determined  by  a lens 
being  cither  at  the  mirror  or  mirror  image  position  a 
small  series  of  lenses  of  focal  lengths  20  cms-100  cms 
can  give  a continuous  range  of  Fringe  Constants  from 
1.168  mm  /usee-1  Fringe-1  to  0.0064  mm  /usee-1 
Fringe-1 . The  range  of  leg  lengths  given  by  a combi- 
nation of  lenses  of  focal  lengths  ft  and  f2  is 


Range  = 


(ft+f2)2  (fi-f2) 
*1*2 


(4) 


RECORDING  AND  DATA  REDUCTION 

The  fringing  signals  and  intensity  monitor  are  de- 
tected by  EMI  type  D254  six  stage  photomultipliers 
giving  a gain  of  about  104  and  recorded  on  Hewlett- 
Packard  Type  183B  oscilloscopes.  The  rise-time  of 
the  combination  is  3 nS. 

The  voltage  output  from  both  fringing  photomulti- 
plier channels  is  assumed  to  be  a sinusoidal  function 
of  the  fringe  count  ANt  at  any  instant  t with  a 90° 
phase  difference  between  the  two  signals.  If  2a„  is 
the  peak  to  peak  photomultiplier  signal  and  4>  is  the 
arbitrary  fringe  phase  before  the  surface  starts  to 
move  we  have  for  the  P and  S light  components  re- 
spectively 


(Qt)p  = <*0  [ 1 + Sin  (2n  ANt  + <*>)]  (5) 

and 

(at)»  = «0  [ 1 + Cos  (2tt  ANt  + <A)]  (6) 

The  mean  value  of  at  is  a0  and  if  this  is  subtracted 
from  the  photomultiplier  signal  we  have 

^e  = Tan(2*ANt+*)  (7) 


Each  lens  is  mounted  in  a tube  and  adjusted  so 
that  its  focal  point  is  10.00  cm  beyond  a locked 
locating  ring.  The  tubes  then  screw  into  standard 
couplers  or  the  mirror-box  which  have  locating  faces 
20 .00  cm  apart.  In  this  way  various  lens  combina- 
tions may  be  used  without  the  need  to  refocus  the  in- 
terferometer each  time. 


which  may  be  solved  for  ANt.  The  mean  level  a0  is 
obtained  as  a fraction  of  the  intensity  monitor  signal, 
being  set  up  with  a number  of  fringes  filling  the  field 
of  the  interferometer.  It  is  subtracted  from  the  fring- 
ing signals  at  the  recording  oscilloscopes  which  each 
have  two  amplifiers  whose  outputs  can  be  added 
algebraically. 
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There  are  many  advantages  that  arise  from  record- 
ing the  fringing  signals  in  the  above  manner.  In  par- 
ticular the  interpretation  of  the  records  is  made  un- 
ambiguous except,  at  shock  discontinuities,  where  the 
frequency  response  of  the  system  will  not  allow  the 
signal  to  be  followed.  Even  here,  however,  the  bound- 
ary conditions  of  the  experiment  usually  allow  the 
uncertainty  to  be  resolved.  The  data  reduction  is  also 
simplified. 

The  photomultiplier  signals  remain  true  sine  and 
cosine  traces  balanced  about  the  zero  light  position, 
irrespective  of  intensity  and  contrast  changes  so  long 
as  the  initial  setting-up  relationships  between  the 
fringing  and  intensity  monitor  channels  remain  un- 
changed and  the  photomultiplier  outputs  are  linear. 

In  addition  since  the  signals  are  in  quadrature,  an  ac- 
celeration can  be  distinguished  from  a deceleration 
since  in  the  former  case  the  Cosine  trace  leads  by  90° 
and  on  a deceleration  it  lags  by  90°.  Ambiguities  be- 
tween fringe  turn-rounds  occurring  at  the  maxima  or 
minima  of  the  fringe  pattern  and  velocity  reversals  are 
also  removed.  More  importantly  the  insensitivity  of 
the  photomultiplier  output  as  a function  of  the  fringe 
count,  which  occurs  at  maxima  and  minima,  is  coun- 
tered since  when  one  signal  is  at  a minimum  sensitiv- 
ity the  other  is  at  a maximum.  It  is  this  feature 
which  gives  the  velocity  interferometer  technique  its 
high  accuracy  from  what  appear  to  be  poor  quality 
traces. 

The  records  are  reduced  by  measuring  trace  co- 
ordinates in  a digitised  trace  measuring  machine.  Im- 
mediately after  recording  the  fringing  signals  two 
time-marker  traces  of  equal  and  opposite  deflection, 
either  side  of  the  balanced  zero  light  trace  position, 
are  put  on  both  records.  Co-ordinates  on  both  time- 
marker  traces  are  also  measured.  Linear  fits  in  time  T 


and  deflection  Y are  made  in  terms  of  X giving  four 
equations  for  each  record.  These  equations  are  used 
to  normalise  the  two  fringing  signals,  correct  for  any 
distortion  in  the  record,  and  reduce  them  to  a com- 
mon time  scale.  The  cosine  amplitude  corresponding 
to  each  sine  point  is  calculated  by  linear  interpolation. 

At  each  measured  point  P(x,y)  on  both  the  Sine 
and  Cosine  traces  the  time  and  amplitude  are  calcu- 
lated by  substituting  x into  the  linear  fit  equations  to 
obtain  values  of  T^ , Yjj  , TL,  YL,  thus 

yp  ■ 2000  + O' ' yl>  (8) 

ti>  = TL  +7^v(Tu-tl)  (9) 

YU  ■ yl 


results 

The  interferometer  has  been  used  for  about  four 
years  over  a wide  velocity  range  on  various  types  of 
specimen  to  obtain  their  free  surface  motion.  Three 
examples  are  shown  in  Fig.  5, 7 and  8. 

EXPERIMENT  1.  Figure  5.  PIC  m Aluminium 
foil  0.25  mm  thick  impacted  a 5050B  Aluminium 
specimen  1 mm  thick  at  a velocity  of  0.41  mm  Msec-1 . 
The  maximum  velocity  corresponds  to  2.17  fringes 
which  are  not  quite  time  resolved.  The  specimen 
spalled  with  a fall-back  velocity  of  0.193  mm  Msec-1 
and  reverberations  in  the  detached  layer  are  clearly 
teen. 

EXPERIMENT  2.  Figure  7.  Impact  as  in  Experi- 
ment 1 on  to  a 6 mm  thick  sample  of  a three  dimen- 
sional quartz-fibre  resin  composite.  The  laser  beam 
was  focussed  on  to  an  area  where  the  quartz  fibres 
were  normal  to  the  surface.  The  fringes  correspond- 
ing to  the  surface  acceleration  are  just  resolved  but 
the  initial  deceleration  which  was  faster  is  just  be- 
yond the  resolution  of  the  system. 

EXPERIMENT  3,  Figure  8.  This  is  a slow  strain 
rate  experiment  with  a drop  weight  hammer  impact- 
ing an  anvil  carrying  a specimen  of  CS  Carbon.  In 
this  early  experiment  the  (1  + Sine)  fringe  signal  and 
the  intensity  monitor  are  displayed  separately  and  the 
delay  leg  was  8.75  m long. 
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Fig.  4.  Interferometer  with  lens  configuration  used  for  high  sensitivity  settings  of  the  Fringe  Constant. 
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Fig.  5.  Records  and  interpretation  of  foil  impact  on  5050B  aluminium  1 mm  thick.  Foil  velocity  0.41  mm 
psec'1 . Fringe  Constant  0.20  mm  psecr1  Fringe'1. 
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Fig.  7.  Records  and  interpretation  of  foil  impact  on  Three  Dimensional  Quartz-fibre  Resin  Composite  ( 3DQP) 
6 mm  thick.  Foil  impact  velocity  0.41  mm  psec'1 . Fringe  Constant  0.10  mm  psec'1  Fringe' ! . 
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Fig.  8.  Records  and  velocity-time  interpretation  of  low  strain  rate  experiment 
on  CS  Carbon.  Interferometer  Fringe  Constant  0.0088  mm  psec'1  Fringe'1. 


ACCURACY 

There  are  four  main  sources  of  error  in  deducing  a 
velocity  history  using  the  wide  range  velocity  inter- 
ferometer: specimen  tilt,  defocussing  due  to  surface 
translation,  photomultiplier  noise  and  non-linearity 
of  the  photomultiplier  output. 

The  surface  tilt  error  applies  to  specular  surfaces 
since  it  causes  the  light  paths  to  be  different  from 
those  originally  set,  but  for  Lambertian  surfaces  the 
collimating  lens  remains  filled  with  light  and  there  are 
no  changes.  When  the  surface  moves  the  returned 
light  becomes  divergent  and  this  also  causes  the  path 
through  the  interferometer  to  change;  this  effect  is 
most  severe  for  a diffusely  reflecting  specimen.  Both 
these  effects  give  rise  to  errors  of  about  0.1  - 0.2 
fringes. 

The  statistical  noise  on  the  photomultiplier  output 
makes  the  assumption  that  the  output  is  a sinusoidal 
function  of  the  fringe  phase  not  strictly  valid.  Meas- 
urements give  a value  of  less  than  0.005  fringes  for 
this  error.  The  linearity  of  the  photomultiplier  out- 
put is  better  than  2%  over  periods  of  up  to  0.5  mS. 


CONCLUSIONS 

The  wide  range  velocity  interferometer  described 
here  is  capable  of  measuring  the  velocity-time  history 
of  any  surface  whether  it  is  a diffuse  or  specular  re- 
flector or  a mixture  of  the  two,  over  a very  wide 
velocity  range.  An  accuracy  of  l%-2%  is  easily  ob- 


tainable. This  form  of  interferometer  is  particularly 
insensitive  to  the  tilt  of  a diffusely  reflecting  surface. 
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ASSESSMENT  METHODS  OF  THE  IMPACT  IGNITION 
SENSITIVITY  OF  DIFFICULTLY-DETONABLE  EXPLOSIVES 


W.  H.  Andersen  and  N.  A.  Louie 
Shock  Hydrodynamics 
North  Hollywood  California  91602 


This  paper  discusses  the  assessment  of  the  projectile  impact  sensitivity  of  relatively 
insensitive  substances,  based  on  an  investigation  of  small  caliber  caseless  ammuni- 
tion. Conventional  techniques  (e.g.,  Bruceton  method  of  obtaining  Vs0)  are  not 
usually  applicable.  The  test  evaluation  included  the  use  of  a photocell  monitoring 
system  to  temporally  resolve  the  light  emitted  by  the  impact  reaction.  This  tech- 
nique represents  a new  and  novel  method  of  obtaining  information  regarding  energy 
release  by  impact.  The  tests  showed  that  the  impact  reaction  varied  widely,  depend- 
ing on  conditions.  It  ranged  from  no  reaction  being  induced  in  the  fractured  pro- 
pellant, to  a partial  reaction,  to  a complete  combustive  consumption,  to  a detona- 
tive  reaction  in  one  case.  Interestingly,  the  sensitivity  of  this  latter  propellant  was 
less  than  that  of  the  others  at  impact  velocities  lower  than  that  required  to  produce 
the  violent  reaction.  A statistical  model  is  developed  to  describe  projectile  impact 
sensitivity,  and  a brief  discussion  presented  of  ignition  induced  by  spall  particle 
impact. 


INTRODUCTION 

The  measurement  of  the  impact  sensitivity  of  high 
explosives  normally  uses  high  speed  photography, 
pin-switch  or  witness  plate  techniques  to  demonstrate 
the  existence  or  absence  (go  or  no-go)  of  a propaga- 
ting detonation  reaction  induced  in  the  explosive  by 
the  impact.  An  experimental  procedure  (e.g.,  the 
Bruceton  method)  that  encompasses  an  impact  veloc- 
ity range  sufficient  to  ensure  both  100%  and  0%  pro- 
bability of  reaction  (propagating  detonation  and 
non-reaction)  is  used  to  establish  the  impact  velocity 
required  for  50%  probability  of  ignition,  i.e.,  the  V50 
of  the  reaction. 

On  the  other  hand  many  important  combustible 
substances  (e.g.,  various  propellants  and  composite 
explosives)  are  relatively  insensitive,  and  their  impact 
ignition  occurs  only  as  a low  statistical  event  in  the 
impact  velocity  range  normally  available.  Moreover 


the  extent  of  reaction  induced  in  the  substance  by  the 
impact  can  vary  over  a wide  range,  and  depending  on 
various  factors  may  or  may  not  include  propagating 
detonation,  The  nature  and  extent  of  reaction  may 
depend  on  various  factors  including  the  size,  compo- 
sition and  physical  form  of  the  material  sample,  and 
the  geometry  and  velocity  of  the  projectile.  The 
measurement  of  the  impact  sensitivity  of  these  types 
of  materials  is  more  difficult  than  for  conventional 
explosives,  and  only  limited  information  is  available 
regarding  the  evaluation  of  the  impact  ignition  sensi- 
tivity of  these  types  of  substances. 

This  paper  concerns  itself  with  the  experimental 
assessment  of  the  impact  ignition  sensitivity  of  rela- 
tively insensitive  combustible  substances,  based  on  an 
investigation  of  the  sensitivity  of  different  kinds  of 
small  caliber  caseless  ammunition  to  impact  by  nor- 
mal and  flat  nose  bullets,  and  spall  particles  produced 
by  projectile  penetration  of  steel  armor  plate.  The 
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various  materials  exhibited  a wide  range  of  reaction 
behavior,  and  were  investigated  using  a novel  observa- 
tional technique. 

EXPERIMENTAL  MEASUREMENTS 
Test  Ammunition 

The  tests  were  conducted  on  8 kinds  (designated 
types  A through  H)  of  5.56  mm  caseless  ammunition 
rounds  (Fig.  1),  each  of  which  consisted  of  a hollow 
(not  shown)  cylinder  of  propellant  containing  the 
slug  in  one  end  and  the  primer  in  the  other.  Types  A, 
B,  C and  H consisted  of  a single  sleeve  of  molded  pro- 
pellant, whereas  the  other  types  were  dual  sleeve  with 
the  inner  sleeve  being  made  up  of  single  base  (SB) 
propellant.  Type  A consisted  of  SB  propellant  while 
B was  based  on  HMX  in  a binder.  Type  C was  the 
same  as  B except  for  containing  a different  and  more 
energetic  primer.  Type  H employed  a different  binder 
and  contained  a relatively  large  fraction  of  HMX. 

The  outer  sleeves  of  the  o*hcr  rounds  differed  in 
composition,  and  some  o(  ihem  contained  various 
fractions  of  HMX. 

Test  Apparatus 

The  sensitivity  of  the  propellant  rounds  to  pro- 
jectile impact  was  studied  by  impacting  the  rounds 
side-on  at  three  locations  (neck  end,  body  and  primer 
end  -sec  Fig.  1)  using  a 5.56  mm  slug,  with  both  nor- 
mal (ogive)  and  flat  (sawed-off,  Fig.  1 ) nose  ends  and 


Fig.  1.  Diagram  of  a caseless  target  round.  Dimen- 
sions are  in  inches. 


fired  at  various  velocities.  Figure  3 shows  the  test 
setup  used,  which  consisted  of  a rigid  steel  I-beam  to 
which  a gun  support,  gun  blast  baffles,  velocimetcr 
screens  (for  measuring  bullet  impact  velocity),  target 
box,  and  a camera  and  photocell  support  were  bolted 
to  prevent  any  relative  movement.  The  light-tight 
steel  target  box  was  a one  foot  cube  (painted  black 
inside)  with  a 6"  diam.  safety  glass  window  port  on 
one  side,  a (lightly  covered)  bullet  entrance  hole  in 
front  and  an  exit  hole  in  the  back.  The  test  rouwd 
was  supported  nose  down  on  a stiff  but  flexible 
rubber  tube  fastened  to  an  adjustable  floor  support 
which  allowed  both  side  to  side  and  vertical  position- 
ing of  the  round. 

The  test  setup  for  the  spall  particle  impact  tests 
was  essentially  the  same  except  for  the  addition  of  a 
(replaceable)  sheet  of  1 /4"  thick  steel  armor  plate  to 
the  inside  wall  of  the  target  box  just  behind  the  bullet 
entrance  hole.  The  penetration  of  this  plate  by  a .30 
caliber  armor  piercing  (AP)  bullet  produced  a cone 
of  spall  particles  with  various  sizes.  Two  test  rounds 
at  different  locations  were  used  in  each  test  to  increase 
the  probability  of  a particle  hit  wiih  a round,  and  the 
rounds  were  located  at  various  distances  behind  the 
plate  and  various  offset  distances  from  the  flight  line 
of  the  AP  slug  after  its  penetration  of  the  armor 
plate. 

Monitoring  Systems 

The  results  of  the  tests  were  obtained  by  an  open- 
shutter  camera  picture  of  the  impact  event,  by  the 
light  emitted  during  impact  and  detected  by  a photo- 
cell, and  by  post  Inspection  of  the  ammunition  frag- 
ments remaining  in  the  target  box  after  a test.  The 
camera  and  photocell  were  positioned  behind  the 
safety  glass  viewing  window,  and  a light-tight  shroud 
was  draped  around  them  in  a manner  as  to  exclude 
any  light  other  than  that  appearing  in  the  target  box. 
The  camera  was  a Speed  Graphic  (Polaroid  ASA 
3000,  b/w  film)  whose  lens  was  set  at  f/4.5,  and  whose 
shutter  was  left  open  during  a test. 

The  photocell  monitoring  system  consisied  of  a 
TIL67  NPN,  Planar  Phototransitor  in  a simple  light 
detector  circuit  (Fig.  2),  which  was  connected  to  the 
input  of  an  oscilloscope  set  up  to  make  polaroid 
pictures  of  the  radiant  signal  produced  in  the  target 
box  during  a single  sweep.  The  photocell  monitoring 
system  was  conceived  by  one  of  us  (NAL),  and 
represents  a useful  (as  well  as  rapid  and  inexpensive) 
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EXPERIMENTAL  RESULTS 
Charade,  if  tics  of  the  Bullet  Impact  Testa 

Four  general  types  of  bullet  impact  behavior  were 
observed; 

1 . No  Hum- In  general,  projectile  impact  on  the 
body  or  neck  of  a test  round  at  the  lower  impact 
velocities  usually  produced  only  a flash  during  impact, 
and  breakup  of  the  test  round  occurred  without 
ignition.  Higher  velocity  produced  brighter  flash. 

The  impact  flash  appeared  clearly  on  the  camera 
record  (Fig.  4a),  and  the  unburned  propellant  frag- 
ments were  recoverable  after  the  test.  The  photocell 
record  appeared  as  a single  or  closely -double  peak 
pulse  (Fig.  5a),  which  after  reaching  the  maximum 
decayed  to  the  no-signal  level  without  any  appreciable 
secondary  rise.  This  behavior  of  the  test  round  was 
classified  as  a No  Burn. 

2.  Partial  Burn- At  higher  impact  velocities, 
particularly  when  flat  nosed  slugs  were  used,  a partial 
burning  occurred  on  a low  statistical  basis  when  the 
body  or  neck  of  the  test  round  was  impacted.  When 
the  primer  end  of  the  test  rounds  was  impacted,  the 


method  of  obtaining  information  regarding  ignition 
and  energy  release  by  the  impact  of  relatively  insensi- 
tive materials.  H can,  for  example,  distinguish  impact 
flash  and  the  light  emitted  by  very  hot  (or  burning) 
spall  particles  from  the  light  emitted  by  combustive 
reaction  of  the  material.  It  can  also  distinguish  tran- 
sient burning  during  impact  from  a self-sustained  burn- 
ing event.  The  resolution  of  the  event  can  be  controlled 
by  the  sweep  speed  of  the  oscilloscope  on  which 
the  phototube  output  is  displayed.  By  proper  calibra- 
tion the  technique  could  probably  be  made  essentially 
quantitative  in  nature,  and  there  are  other  potential 
refinements  which  may  further  increase  the  informa- 
tion that  can  be  obtained  using  this  technique. 


T1L67  Phototranslstor 


Coaxial  Cable 

-pf)R6S8  To  oacil- 
v/.  ■'loscope 


— 1 1 1 ' 1 1 i 

30  VDC  - 

Fig.  2.  Photocell  circuit  used  for  detecting  light 
emission  produced  in  the  impact  tests. 


partial  burning  occurred  on  a high  statistical  basis, 
even  at  the  lower  velocities.  In  these  cases,  which 
were  classified  as  a Partial  Burn,  the  camera  record 
(Fig.  4b)  showed  a multitude  of  luminous  streamers 
representing  the  trajectories  of  burning  propellant 
fragments.  The  photocell  waveform  (Fig.  5b)  showed 
the  initial  impact  flash  followed  by  a second  broad 
peak  whose  amplitude  increased  with  increased  extent 
of  burning.  This  behavior  appears  to  pertain  largely 
to  the  ignition  and  burning  of  material  of  the  test 
round  that  interacts  directly  with  the  impacting  slug. 
However,  although  this  material  ignites  quickly  at 
impact  there  appears  to  be  little  spreading  of  the 
burning  to  other  parts  of  the  target  round  not  directly 
at  the  impact  site.  This  category  represents  a transi- 
tion from  the  No  Burn  to  the  Burn  states  and  en- 
compassed a wide  degree  of  reaction  behavior,  both 
as  to  the  amount  of  material  consumed  and  the  inten- 
sity of  the  energy  released.  Many  of  the  partial  burns 
occurred  when  the  impacting  slug  hit  the  primer 
section  of  the  test  round,  and  in  these  cases  little  or 
none  of  the  primer  material  was  found  in  the  test 
chamber.  However,  some  unburned  propellant  frag- 
ments were  always  present  after  the  test. 

3.  Bum~\i  the  higher  impact  velocities,  partic- 
ularly with  flat  nosed  slugs,  an  essentially  complete 
burning  of  the  test  round  occurred  on  a low  statistical 
basis  when  the  body  or  neck  of  the  round  was  im- 
pacted. For  some  rounds  the  complete  burning 
occurred  on  a high  statistical  basis  when  the  primer 
end  was  struck.  In  these  cases,  which  were  classified 


Fig.  4a.  Impact  flash  accompanying  a bullet  impact 
test  in  which  the  test  round  experiences  no  burn. 


as  a Burn,  the  camera  record  was  white  (completely 
overexposed),  and  the  photocell  signal  (Fig.  5c)  showed 
a rapid  rise  to  an  off-scale  position  (generally  in 
less  than  10  /wee),  and  did  not  return  during  the 
remainder  of  the  sweep  of  the  oscilloscope.  Little  or 
no  propellant  fragments  of  the  test  round  were  re- 
covered after  the  test. 

4.  Explosion -The  impact  of  the  body  or  neck  of 
one  of  the  test  rounds  (type  H)  in  the  higher  velocity 
range  with  a flat  nosed  slug  produced  a very  violent 
reaction,  which  was  classified  as  an  Explo'^n.  The 
specific  nature  of  this  reaction  was  not  established,  but 
it  was  presumably  of  detonative  character  since  it 
produced  strong  blast  which  fragmented  the  safety 
glass  viewing  window  and  tore  the  lid  of  the  steel 
target  box  off  its  hinge.  The  polaroid  photographs 
in  this  case  were  completely  overexposed,  and  the 
oscillograph  reading  of  the  photocell  gave  a quick 
rise  to  a constant  level,  indicating  a sudden  rise  to 
a constant  light  flux.  These  results  were  presumably 
caused  by  the  opening  of  the  light  seals  on  the  box  as 
the  result  of  the  blast. 

Test  Results 

The  overall  results  of  the  impact  test  are  sum- 
marized in  Table  1 . In  this  table  the  results  of  the 
neck  impact  tests  have  been  included  in  the  body 
tests,  and  the  impact  velocities  have  been  grouped  so 
as  to  allow  the  results  of  all  of  the  tests  to  be  in- 
cluded in  the  table.  In  general  it  was  found  that  the 


Fig.  4b.  Ignited  particle  trajectories  accompanying 
a bullet  impact  test  in  which  a partial  burn  is  produced 
in  the  test  round. 


685 


\ 


only  essential  difference  between  the  results  obtained 
with  both  types  of  slugs  was  that  any  impact  behavior 
obtained  with  an  ogive  slug  was  usually  obtained  at  a 
lower  velocity  with  a flat  nosed  slug.  Impact  sensiti- 
vity of  the  rounds  increased  with  increase  in  impact 
velocity,  as  expected.  The  primer  was  pronouncedly 
the  most  sensitive  impact  area  of  the  rounds,  and  the 
neck  area  was  in  general  slightly  more  sensitive  than 
the  body.  The  general  sensitivity  and  reaction  vio- 
lence of  the  primer  end  of  the  rounds  appeared  to  be 
related  (roughly  proportional)  to  the  size  and  weight 
of  the  primer  materiul,  although  the  primer  composi- 
tion also  affected  the  results  of  the  type  C rounds. 

Tire  general  sensitivity  of  the  body  and  neck 
impacts  appeared  to  be  related  to  the  composition 
of  the  material.  In  addition  however,  the  sensitivity 
of  the  dual  sleeve  rounds  may  have  been  affected-at 
least  in  some  cases-by  the  construction  of  the 
rounds.  For  example,  it  was  found  from  radiographs 
of  the  rounds  that  the  two  sleeves  were  not  always 
in  intimate  contact  with  each  other,  but  rather  that 
small  cracks  or  voids  were  often  present  at  their  con- 
tact surface  which  may  have  (but  was  not  proven  to 
have)  seniliized  the  rounds  to  impact  reaction. 


— ■ ■ Off  Scale 

1 

(c)  Waveform  for  bum  at  bullet  impact 

Fig,  5.  Photocell  waveforms  from  bullet  impact  tests. 


The  most  interesting  round  however  was  type  H, 
which  underwent  violent  explosion  at  the  highest  im- 
pact velocity  with  flat  nose  bullets.  Interestingly,  the 
impact  ignition  sensitivity  of  this  propellant  was 
lower  than  that  of  the  other  propellants  at.  impact 
velocities  lower  than  that  required  to  produce  the 
violent  reaction.  This  demonstrates  that  the  ignition 
process  is  not  usually  the  controlling  factor  in  deter- 
mining whether  an  impacted  substance  undergoes  a 
deflagration  to  detonation  transition. 

Sensitivity  Analysis 

Although  the  partial  burns  produced  in  the  impact 
tests  arc  informative  for  general  comparison  purposes, 
they  do  not  directly  provide  information  regarding 
impact  ignition  statistics.  A knowcldge  of  the 
amount  of  material  burned  in  these  tests  would  be 
useful  toward  this  end,  and  this  information  could 
possibly  be  obtained  by  weighing  the  unconsumed 
material  in  the  partial  burn  tests  and  using  the  results 
to  provide  an  absolute  calibration  of  the  photocell 
technique.  In  lieu  of  this  information,  a statistical 
behavior  ranging  from  no  reaction  to  complete 
reaction  was  categorized  according  to  certain  qualita- 
tive characteristics  observable  from  the  camera  and 
photocell  records  of  the  impact  event.  A weighting 
function  was  used  to  weight  the  various  categories, 
and  an  expression  containing  this  function  derived 
to  estimate  the  probability,  P(V),  of  a Burn  reaction 
for  a specified  impact  velocity,  V,  from  the  number 
of  tests  at  that  velocity. 

For  purposes  of  the  analysis,  the  test  results  were 
divided  into  six  categories  in  order  of  increasing 
amount  of  burned  material,  where  the  category  num- 
bers K = 0,1 ,2-5  designate,  respectively,  impact  flash 
only  (no  burn),  flash  plus  slight  sparking,  moderate 
spark  shower,  intense  spark  shower  and/or  partial 
ignition,  primer  burn,  and  complete  bum.  The 
probability,  P,  of  a Burn  at  a specified  velocity,  V,  is 
then  given  by 

X>i> 

— (1) 
N(F(K))mgx 

where  F(K)  is  a weighting  function  depending  on  K, 
and  N is  the  number  of  tests  ((F)mgx  * F(5)).  Since 
from  physical  considerations  F(0)  * 0 (P  ■ 0 for 
K « 0),  F(l)  * a small  no.  = 1 , F(5) » F(l),  and 
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TABLE  1 


Round 

Type 


Bullet 

impact 

Point 


Primer 


Body 

Primer 


Body 

Primer 


B— 12 
P-8 
NB-6 


Results  of  the  Bullet  Impact  Tests 


Impact  Velocity  (fpi)  and  Bullet  Type 


3050 

2670 

2060 

1340 

Ogive 

Ogive 

Ogive 

Ogive 

P-1 

UB-15 


P-10 

NB-1 


Ogive 

NB-22 


B-l 
P-2 
NB-1 5 


Ogive 

B-l 

NB-24 


NB-9  NB-2 


B-2 

B-2 

P-2 

P-1 

NB-2 

NB-2 

Ogive 

Ogive 

B-10 

B-4 

P-5 

NB-1 

TABLE  1 


Results  of  the  Bullet  Impact  Tests-Continued 


The  number  indicates  the  number  of  tests;  E ■ Explosion,  B » Bum,  P * Partial  Bum,  NB  = No  Bum. 


F(5)/F(4)  = total  burnable  volume  of  round/volume  where  E is  a constant  which  can  be  evaluated  by  a 

of  igniter,  the  weighting  function  was  chosen  to  be  of  least  squares  fitting  using  the  experimental  values 

the  form  F(K)  = AXK  + B,  where  B = - A,  X = e,  obtained  from  Eq.  (2).  The  impact  velocity,  V50,  for 

and  A = (e  - 1 ).-1  This  gives  F(K)  * 0.6932  (eK  - 1 ).  50%  probability  of  a Burn  reaction  is  then 

The  probability  of  a total  Burn  for  any  impact  velo-  given  by 
city  V is  then  calculated  from  N tests  at  that  velocity 

by  V50  = E/(£n2)1/2  = 1.201  E (4) 

N Since  bullet  impact  tests  were  conducted  for  impacts 

y 0.6932(eKi  - 1)  into  the  primer  and  the  body  separately,  the  V50’s 

j.  i obtained  apply  only  to  either  the  primer  or  to  the 

^0  = 8Jt9Tn  ^ body  (excluding  the  primer).  The  overall  V50  for  the 

entire  round  is  obtained  by  the  solution  of  the  equa- 
tion 

However  since  the  ignition  of  a material  is  deter- 
mined by  an  equation  of  the  form  of  the  Arrhenius  Rp  exp(-  Ep/Vj0)  + RB  exp  (-  Eb/Vj0)  = 0.5 

specific  rate  constant,  and  the  impact  temperature  (5) 

depends  on  the  square  of  the  impact  velocity,  the 

variation  of  burn  probability  with  velocity  is  also  where  Ep  and  EB  are  the  calculated  E parameters  for 

given  by  a function  of  the  form  the  primer  and  body,  respectively,  and 

P(V)  = exp(-E2/V2)  (3)  Rp  = ap/(ap  + aB);  RB  = aB/(ap+aB)  (6) 
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where  ap  and  aB  are  the  side  presented  areas  of  the 
primer  and  body  (excluding  the  primer),  respectively. 
The  V50’s  calculated  in  the  preceding  manner  can 
serve  to  differentiate  the  primer,  body,  or  overall 
vulnerability  of  the  test  rounds. 

Figure  6 illustrates  the  resulting  computed  overall 
Burn  Probabilities  vs  Impact  Velocity  for  several  of 
the  caseless  rounds,  and  Table  2 shows  the  computed 
values  of  V50  for  the  rounds,  including  the  individual 
values  for  the  primer  and  body.,  In  these  computa- 
tions the  explosions  of  the  type  H round  were  consi- 
dered to  be  Burns. 

Spall  Particle  Impact  Tests 

The  signals  obtained  by  the  monitoring  systems  on 
the  spall  particle  impact  tests  differed  to  some  extent 
from  those  obtained  on  the  bullet  impact  tests.  To 
begin  with,  the  hot  metal  particles  produced  by  the 
impact  and  penetration  of  the  steel  armor  plate  by 
the  AP  slug  emitted  luminous  paths  which  generally 
fogged  or  overexposed  the  open  shutter  camera  film 
to  a degree  that  little  information  could  be  obtained 
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TABLE  2 


Estimated  Values  of  Vso 


Round 

V50,  feet/sec 

Type 

Primer 

Body 

Combined 

H 

3360 

8600 

7100 

G 

3730 

8260 

6960 

F 

4520 

7980 

6980 

E 

2520 

5000 

4280 

D 

810 

3800 

3590 

C* 

< 1430 

5730 

A* 

2750 

5550 

B* 

2750 

>4150 

♦For  the  analysis  of  these  early  conducted  rounds,  the 
number  of  Partial  Burn  Tests  was  distributed  Into  the  Bum 
and  No  Burn  tests  according  to  the  ratio  of  Burns  and  No 
Burns  obtained  in  the  tests. 


City  (ft/Mo) 


..  it--  aL- f - II A JaJ ...  1 . 1 


0 


7177, 


from  these  films,  As  a matter  of  fact,  this  problem 
provided  the  impetus  for  the  development  of  the 
photocell  technique  which  not  only  facilitated  the 
interpretation  of  the  spall  particle  impact  data  but 
provided  extensive  information  regarding  the  details 
of  the  bullet  impact  tests.  Whether  the  light  was  due 
to  particle  combustion  or  merely  glow  is  not  known 
(glow  is  most  likely),  but  in  any  event  it  was  clearly 
distinguishable  from  that  produced  by  a Partial  or 
Full  Burn  reaction  induced  in  the  test  round  by 
particle  impact  (Fig.  7). 

The  metal  particles  produced  by  the  AP  slug  pene- 
trating the  steel  armor  plate  varied  in  size.  It  was 
determined  that  the  larger  particles  had  the  wider 
cone  angles,  and  these  particles  were  probably  largely 
produced  by  spallation  off  the  back  of  the  plate  in 
front  of  the  slug.  The  smaller  particles  with  small 
cone  angles  were  probably  produced  by  shear  action 
during  the  passage  of  the  slug  through  the  plate. 

These  particles  were  probably  very  hot,  and  produced 
the  luminous  paths  detected  by  the  sensors.  The  test 
results  indicated  that  these  are  the  most  effective 
particles  in  producing  ignition  since  the  burn  proba- 
bility was  greatest  at  small  offset  distances.  The  burn 
probability  can  be  expressed  in  terms  of  the  fraction 
of  bums  per  particle  hit.  The  hits  per  test  depends 
on  the  offset  distance  and  the  distance  to  the  plate. 
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(a)  Waveform  for  emission  of  luminous  spall  particles 


(b)  Waveform  for  spall  impacts  on  test  round-  no  ignition 


(c)  Waveform  for  partial  burn  produced  by  spall  Impact 


(d)  Waveform  for  total  burn  produced  by  spall  impact 
Fig.  7.  Photocell  waveforms  from  spall  impact  tests. 


SHAPED  CHARGE  TEMPERATURE  MEASUREMENT 


W.  G.  Von  Holle  and  J.  J.  Trimble 
Detonation  & Deflagration  Dynamic*  Laboratory 
Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland  21005 


In  this  work,  a two-color  infrared  radiometer  with  a response  time  of  less  than  one 
microsecond  was  used  to  measure  the  residual  temperature  of  shucked  copper  plates 
and  shaped  charge  jets  in  flight.  Some  explosively  driven  plates  were  found  to 
undergo  rapid  surface  contour  changes  which  greatly  affected  the  individual  infrared 
signals,  but  the  radiance  ratios  provided  temperatures  consistent  with  other  data. 

The  interpretation  of  the  infrared  signals  from  shaped  charge  jets  was  aided  by  high 
speed  framing  camera  results.  Jets  from  the  standard  rounded-apex  liners  showed 
large  amounts  of  debris  near  the  let,  while  the  jets  from  especially  machined  conical 
liners  were  free  from  this.  The  infrared  signals  reflected  this  difference  and  provided 
an  unambiguous  temperature  for  the  Jets  from  pointed  liners.  The  observed  jet 
temperatures  from  composition  B and  octol  charges  were  below  the  melting  point 
of  copper  indicating  that  the  Jets  were  solid. 


INTRODUCTION 

A two-band  infrared  radiometer  has  been  devel- 
oped as  a rapid,  non-contact  method  suitable  for  the 
dynamic  temperature  measurement  of  complex  tar- 
gets such  as  shaped  charge  jets  in  free  flight.  A large 
amount  of  experimental  and  theoretical  effort  has 
been  devoted  to  shaped  charges  since  their  introduc- 
tion. However,  very  little  experimental  work  has 
been  done  on  the  estimation  of  jet  temperature  be- 
cause of  the  great  speed  and  complexity  of  jets  in 
flight.  Accurate  jet  temperature  determination  has 
important  consequences  in  the  analysis  of  the  poorly 
understood  jet  formation  and  stretching  processes. 
The  design  of  new  shaped  charge  weapons  may  bene- 
fit most,  since  the  residual  jet  temperature  after  the 
explosive  liner  collapse  process  may  determine  the 
breakup  time  and  thus  the  penetration  behavior  of 
such  jets. 

Due  to  the  complexity  of  the  problem,  it  was 
divided  into  two  parts.  First,  a preliminary,  less 


ambitious  program  was  carried  out  as  a check  of  the 
system.  The  two-color  technique  was  applied  to  the 
determination  of  the  residual  temperature  of  copper 
plates  driven  by  various  explosives.  These  results 
provided  some  comparison  with  theory  and  experi- 
ment since  the  loaded  plate  problem  had  been  pre- 
viously studied.  The  measured  shaped  charge  jet 
temperatures  can  be  considered  with  more  confidence 
because  many  of  the  troublesome  questions  encoun- 
tered have  been  answered  in  the  preliminary  plate 
study. 


THEORY 

If  one  attempts  to  measure  the  temperature  of  an 
object  by  the  single  band  or  brightness  method,  the 
emittance  must  be  known  since  the  output  radiation 
will  depend  on  the  emittance  as  well  as  the  tempera- 
ture. The  object  radiance  at  a detector.  Wo,  is  given 
as  follows: 
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Wx.  TdX  (1) 

eb  is  the  band  emittance  ;W£  £ is  the  Planck  black- 
body  function.  A,  is  the  area  of  the  source  accepted 
by  the  detector,  and  Rs  is  the  distance  to  the  detec- 
tor. The  detector  characteristics  have  been  omitted 
for  clarity.  The  integral  is  over  the  wavelength  range 
of  the  collection  optics  and  detector.  Wo  is  a sensitive 
function  of  the  geometrical  arrangement  and  of  the 
surface  condition  and  wavelength  through  the  band 
emittance,  which  is  a complex  and  unknown  function 
of  many  surface  variables.  However,  if  the  ratio  of 
the  outputs  of  two  radiometers  with  identical  geo- 
metrical arrangements  but  different  wavelength 
sensitivities  is  obtained,  this  provides  a measure  of 
the  “color  temperature.”  Since  the  geometry  fac- 
tors cancel,  the  “color  temperature”  approaches  the 
true  temperature  as  the  ratio  band  cmittances  ap- 
proaches unity.  This  ratio  also  serves  to  compensate 
for  transient  effects  in  surface  conditions  which  arc 
encountered  in  shock  studies  and  which  will  be  dis- 
cussed in  detail  below.  The  design  of  a good  two- 
color  radiometer  is  predicated  on  the  selection  of  the 
wavelength  bands.  They  must  be  close  enough  to- 
gether to  provide  a band  emittancc  ratio  near  unity 
but  far  enough  apart  to  yield  adequate  sensitivity. 


on  filter  was  permanently  installed  in  one  radio- 
meter which  defined  two  overlapping  bands,  2-5.5 
Atm  and  4-5.5  pm.  The  response  time  of  the  detector- 
electronics  combination  was  less  than  0.5  micro- 
seconds. The  0.3  X 10  X 10  cm  polished  copper 
plates  were  viewed  by  the  radiometers  in  an  arrange- 
ment depicted  in  Fig.  I . Ambient  pressure  was  in  the 
range  of  1 to  10  pm  of  Hg  while  a few  shots  were 
near  1 00  pm  Hg. 


Fig.  1.  Experimental  arrangement  for  copper  plate 
range  firings. 


COPPER  PLATE  RESIDUAL  TEMPERA- 
TURE MEASUREMENT 

There  is  only  one  reported  measurement  of  the 
temperature  of  explosively  loaded  copper  by  infrared 
radiometry.  King,  Cotgrove  and  Slate  (1)  worked  at 
one  pressure  with  a single  band,  and  they  found  a 
large  discrepancy  from  the  theoretical  value  calcu- 
lated by  McQueen  and  Marsh  (2).  The  former  authors 
suggested  that  the  error  might  have  been  due  to 
shock-induced  emittance  and  a two-color  approach 
might  reduce  the  error. 

In  the  present  study,  two  identical  i.  r.  line 
scanners  with  liquid  nitrogen  cooled  InSb  photovol- 
taic detectors,  which  have  a figure  of  merit, 

1/2 

D*(500, 900,1)  * 1.2  X 10u  , 

watt 

were  converted  to  radiometers  with  1 2.7  mm  aper- 
tures and  3 milliradian  fields-of-view.  A 4.0  pm  cut- 


The  radiometers  were  calibrated  with  copper  plates 
polished  to  a mirror  surface  with  1 .0  pm  alumina 
powder  and  electrically  heated  in  a vacuum.  Since 
they  received  considerable  stress  during  a shot,  the 
radiometers  were  calibrated  with  a blackbody  source 
prior  to  each  shot,  which  served  to  correct  for  any 
optical  misalignment  suffered  in  the  previous  shot. 

Fig.  2 shows  the  results  of  the  copper  calibration  and 
a corresponding  blackbody  calibration.  The  output 
ratios  are  seen  to  be  close  over  a large  temperature 
range.  The  copper  calibration  by  electrical  heating 
is  unreliable  at  temperatures  above  400°  because  the 
heating  time  is  long  and  the  surface  may  undergo 
irreversible  changes  in  emittance.  The  equation  in 
Fig.  2 expresses  the  output  ratio  for  the  copper  cali- 
bration, assuming  all  geometrical  factors  cancel, 
et/ej  is  the  ratio  of  band  emittances  and  Wx  j/Wx2 
is  the  ratio  of  blackbody  outputs  which  are  modula- 
ted by  the  detector  characteristics  and  integrated 
over  their  wavelength  ranges.  Since  e|/e2  is  close  to 
unity  over  much  of  the  temperature  range,  the  as- 
sumption will  be  made  that  any  experimental  copper 
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Fig.  2.  Radiance  ratio  for  polished  copper,  heated 
electrically,  RCu,  and  the  corresponding  black  body 
ratio,  Rbb.  e ^2  is  plotted  as  the  dashed  line. 

surface,  including  that  which  has  undergone  the  shock 
passage  and  release  wave,  is  a graybody  over  this  tem- 
perature range  with  the  chosen  wavelength  bands. 

One  may  also  consider  the  two  ratio  curves  to  define 
the  limits  of  the  actual  shocked  surface  curve.  Un- 
fortunately, the  uncertainty  in  the  copper  ratio  is 
about  20  percent  which  limits  the  accuracy  of  the 
results.  The  blackbody  ratio  is  accurate  to  S percent. 

Each  radiometer  output  was  coupled  to  a wide 
band  oscilloscope,  and  the  radiance  ratios  were  vis- 
ually derived  from  photographs  of  the  traces.  Repre- 
sentative traces  are  shown  in  Fig.  3.  The  composition 
B traces  showed  a level  step  at  0.S  psec  after  shock 
arrival,  but  some  octol  shots  did  not  level  off  for 
several  microseconds.  Fig.  4 is  a plot  of  derived  resi- 
dual temperature  vs.  time  after  shock  emergence.  A 
smooth  curve  was  drawn  through  several  averaged 
points  derived  from  the  radiance  ratios.  The  tempera- 
tures at  0.5  psec  were  assumed  to  be  the  residual 
values;  the  continued  rise  with  time  may  be  due  to 
shock  reverberations  and  shock  heated  residual  air. 
Note  that  the  octol  plate  temperature  vs.  time  be- 
havior is  quite  different  from  the  individual  signal 
behavior  of  Fig.  3.  It  is  puzzling  why  the  composi- 
tion B plate  temperature  rises  faster  than  the  octol 
even  though  the  individual  signals  ?re  better  behaved. 

Table  1 summarizes  the  copper  plate  data.  The 
individual  radiometer  signals  are  indicated  by  NF  and 
F;  RCu  is  the  computed  ratio,  TA  is  the  temperature 
derived  from  the  blackbody  curve  measured  prior  to 
that  shot,  and  A TR  is  the  residual  temperature,  ex- 


Fig.  3.  Typical  oscilloscope  traces  of  the  radiance 
signals  from  explosively  loaded  copperplates,  (a) 

Cu /Octal;  (b)  Cu/comp  B;  (c)  Cu/TNT.  “F”  is  the 
4-5.5  pm  trace  at  50mV/div.  sensitivity;  “NF”  is  the 
2-5.5  pm  trace  at  lOOmVjdiv.  The  arrows  indicate 
shock  arrival. 

pressed  as  an  increase  above  ambient,  which  was  read 
from  the  corresponding  copper  calibration  curve. 

Table  1 and  Fig.  3 indicate  that  the  octol  results 
are  basically  different  than  comp  B or  TNT.  The 
octol  signals  rise  more  steeply  and  exhibit  a large 
round-to-round  variation  not  found  in  comp  B.  This 
different  behavior  must  be  due  to  either  surface 
emittance  of  temperature  differences.  Temperatures 
and  ratios  are  consistent  and  only  slightly  above  comp 
B even  at  later  times;  therefore,  octol  loading  must 
induce  some  transient  surface  changes  which  affect 
the  individual  signal  outputs  but  which  are  cancelled 
by  the  ratio  technique.  In  support  of  this  contention, 
framing  camera  pictures  by  Boyd  Taylor  (3)  at  the 
Ballistic  Research  Laboratories  show  octol-shocked 
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Fig.  4.  Time  dependence  of  temperature  for  comp 
B-  and  octol-shocked  copper  plates. 


plates  considerably  more  distorted  than  comp  B at  all 
times  after  shock  arrival.  These  effects  are  reasonable 
since  octol,  which  is  a mixture  of  HMX  and  TNT,  has 
a quite  different  polycrystalline  structure  than  com- 
position B,  which  is  a mixture  of  RDX  and  TNT. 

Figure  5 is  a graph  of  residual  temperature  vs. 
Hugoniot  pressure  for  our  results.  For  comparison 
it  also  shows  other  experimental  and  theoretical  data. 
Note  the  agreement  with  the  curve  fit  of  G.  Hauver’s 
results  (4),  which  were  obtained  by  fast  resistance 
measurements  of  shocked  copper  foils.  The  TNT  re- 
sults are  much  too  high,  but  their  uncertainty  is  great 
due  to  a low  S/N  ratio. 

The  gap  between  the  experimental  points  and  the 
theoretical  curve  of  McQueen  and  Marsh  is  not  as 
easy  to  explain,  but  it  would  be  unreasonable  for 
hydrodynamic  theory  which  is  meant  to  describe  the 
bulk  material  to  be  valid  at  the  surface. 


TABLE  1 


Copper  Plate  Radiometer  Data 


Explosive 

NF  (mV) 

F(mV) 

pCu 

Shot  No. 

(2-5.5  pm  Band) 

(4-5.5  pm  Band) 

ATr  CC) 


250 

196 

Ave  223 


265 

240 

264 

242 

Ave  253 


340 

330 

253 

265 

282 

Ave  294 
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fusion  pump  and  a stainless  steel  pipe  provided  the 
lowest  pressures. 

The  calibration  of  the  radiometers  was  extended 
out  to  S00°C  by  induction  heating  of  a copper  cylin- 
der. One  face  of  the  cylinder  was  polished,  the  cylin- 
der was  placed  in  the  coils  of  the  r.  f.  generator,  and 
the  whole  assembly  was  sealed  in  a vacuum  chamber 
fitted  with  a sapphire  window.  This  calibration 
method  provides  better  temperature  control  and  more 
uniform  heating  than  the  electrical  heating  method, 
especially  at  the  higher  temperatures.  The  result  of  a 
calibration  with  a typical  filter  combination  is  pre- 
sented in  Fig.  6.  As  in  the  lower  temperature  calibra- 


Fig.  5.  Plot  of  experimental  and  theoretical  data  vs. 
the  Hugoniot  pressures.  For  the  two  octal  points 
marked  "Rough  Vacuum",  ambient  pressure  was  near 
100  pm;  all  other  experimental  points  were  obtained 
at  less  than  10  pm. 

The  plate  work  seemed  to  provide  a sound  experi- 
mental basis  for  the  following  shaped  charge  meas- 
urement by  demonstrating  that  the  two-color  radio- 
meter had  the  capability  to  overcome  the  two  main 
obstacles  of  the  shaped  charge  problem,  namely, 
speed  of  response  and  unknown  surface  emittance 
and  contour. 


SHAPED  CHARGE  JET  TEMPERA- 
TURE MEASUREMENTS 

The  experimental  set-up  for  plate  temperature 
in  Fig.  1 was  modified  for  shaped  charge  vacuum 
firings  by  the  introduction  of  a 9 cm  inner  diameter 
metal  pipe  with  a 2 X 38  mm  diameter  sapphire 
window.  The  jet  was  observed  through  the  sapphire 
window  at  a point  eight  cone  diameters  down  range 
of  the  81 .3  mm  liner.  The  two  radiometers  were 
independently  focused  through  the  window  on  a 
point  in  the  jet  path.  The  angle  formed  by  the  two 
optical  paths  with  apex  at  the  jet  path  was  20  degrees. 

In  most  cases  narrow  band-pass  filters  were  used  in 
place  of  the  broad-band  filters. 

During  the  course  of  the  program,  ambient  pres- 
sures in  the  firing  chamber  were  steadily  reduced  to  a 
level  between  1 .0  and  0.3  pm  of  mercury  by  changing 
vacuum  systems  and  pipe  materials.  A 3-inch  oil  dif- 


Fig.  6.  High  temperature  calibration  curves  for  a 
typical  narrow-band  filter  combination. 


tion  with  the  broad-band  filters,  the  two  curves  are  in 
close  proximity.  However,  the  position  of  the  copper 
curve  is  somewhat  more  uncertain  due  to  the  much 
smaller  radiances  entering  the  ratios. 

A photograph  of  a typical  oscilloscope  trace  for  a 
standard  81 .3  mm  copper  liner  with  a bare  comp  B 
charge  fired  in  the  above  apparatus  is  reproduced  in 
Fig.  7.  The  structure  of  the  radiant  intensity  signal 
for  about  10  microseconds  after  signal  start  and  be- 
fore the  large  increase  in  signal  was  difficult  to  ex- 
plain. There  is  some  similarity  with  all  of  the 
experimental  records,  but  in  general  the  intensities 
and  positions  of  the  peaks  are  random.  The  steep 
off-shoot  of  the  signals  was  assigned  at  first  to  deto- 
nation products  reaching  the  optical  path,  but  further 
experiments  have  proven  this  interpretation 
erroneous. 
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In  order  to  explain  the  complexity  of  the  infrared 
results,  high  speed  (1 .2  X 106  f.p.s.)  framing  camera 
coverage  of  similar  shaped  charges  fired  in  an  evacua- 
ted glass  tube  was  obtained.  One  frame  from  a stand- 
ard rounded-apex  liner  is  reproduced  in  Fig.  3.  The 
results  showed  a heretofore  unreported  “prei.  \or” 
jet  stretching  ahead  of  the  jet  tip.  A large  nurm  .*r  of 


Fig.  7.  Dual  oscilloscope  traces  of  the  radiance  signals 
from  a typical  comp  B shaped  charge  with  an  81.3 
mm  rounded-apex  liner.  The  5 psec  per  division 
sweeps  were  triggered  by  a 62  psec-delayed  pulse  from 
an  ionization  switch  placed  at  the  base  of  the  charge. 
The  upper  trace  is  the  3.94  pm  signal  at  lOOmV/div. 
vertical  sensitivity;  the  lower  trace  is  the  4.11  pm 
signal  at  50m  V/div.  The  traces  were  off-set  for 
clarity. 


Fig.  8.  A copper  jet  from  a 81.3  mm  rounded-apex 
liner  at  abou  1 8 cone  diameters  stand-off.  The  fram- 
ing rate  is  1.2  X 106  f.p.s.  Ambient  pressure  is  about 
30  milli-Torr.  The  fiducial  marks  are  2.54  cm  apart. 
The  jet  was  front  and  back  lighted  with  argon  bombs. 


particles  were  observed  near  the  jet  forming  a conical 
cloud.  The  largest  pieces  ot  debris  have  roughly  the 
same  velocity  as  the  jet,  and  they  are  smeared  out  in 
the  photo.  There  may  be  a whole  spectrum  of  parti- 
cle sizes  which  leads  to  the  appearance  of  a fog. 
Aluminum  and  steel  baffles  with  1.9  cm  centered 
holes  were  used  in  an  attempt  to  clean  up  the  jet  tip. 
They  actually  made  the  situation  worse  by  increasing 
the  density  of  the  debris  cloud,  nearly  obscuring  the 
jet  altogether. 

It  has  been  reported  (5)  that  liners  machined  to  a 
true  conical  apex  eliminate  this  cloud  of  material. 
Framing  camera  coverage  of  a jet  from  such  a liner 
indicates  that  this  is  indeed  the  case.  One  frame  is 
reproduced  in  Fig.  9.  The  difference  between  photo- 


Fig.  9.  A copper  jet  under  identical  conditions  as 
Fig.  8 except  that  the  liner  was  a true  pointed-apex 
cone. 


graphs  of  the  pointed-  and  rounded-apex  cones  is 
quite  marked  on  the  originals;  the  lack  of  darkening 
of  the  glass  tube  with  the  pointed  cone  of  Fig.  9 is 
further  evidence  that  the  jet  resulting  from  this  liner 
configuration  is  free  from  foreign  material. 

The  visible  pictures  lead  to  an  interpretation  of  the 
infrared  results  from  rounded  cones  in  which  the  fog 
of  debris  causes  the  steep  signal  increase  and  struc- 
ture within  ten  microseconds.  Infrared  traces  from  a 
shot  with  a pointed  cone  is  shown  in  Fig.  10.  Since 
the  wide  bands  were  used  for  the  radiometers  in  Fig. 
10,  the  actual  signal  level  is  higher,  but  the  framing 


Fig.  JO.  Dual  oscilloscope  traces  from  a pointed-apex 
liner  under  similar  conditions  as  in  Fig.  7 except  that 
broad-bands  were  used.  The  upper  trace  is  the  2-5.5 
pm  output;  the  lower  one  is  the  4-5.5  pm  signal,  both 
at  500m  Vjdiv.  sensitivity  and  5 psec/div.  sweep  rate. 


camera  results  provide  the  assurance  that  the  observed 
signals  arise  from  the  jet  alone.  Note  that  the  com- 
plex structure  of  the  rounded-cone  jet  is  absent  in 
Fig.  10;  the  signal  trace  rapidly  increases  to  its  maxi- 
mum at  the  jet  arrival  time. 

The  difference  between  the  infrared  signals  from 
the  rounded-  and  pointed-apex  shots  is  graphically 
presented  in  Fig.  1 1 , where  the  broad-band  resuits  of 
a pointed  cone  have  been  reduced  to  the  scale  of  a 
rounded-apex  shot  obtained  with  narrow  bands.  The 
signals  of  the  broad-band  shot  were  adjusted  by  mul- 
tiplication by  the  ratio  of  experimental  biackbody 
radiances,  i.c., 


u/bb 

W3.94 


W 


bb 

2-5.5 


B-*-SPOT  SIZE  AT  TARGET 


Fig.  1 1.  Comparison  of  radiance  signals  from 
rounded-  and  pointed-apex  liners.  For  the  pointed- 
liner  jet,  X;  and  \2  refer  to  the  broad-band  signals 
of  Fig.  10,  which  have  been  adjusted  to  the  levels 
expected  from  the  narrow-band  filters  used  for  the 
rounded-apex  jet.  X/  and  \2  refer  to  3. 94  pm  and 
4.11  pm,  respectively,  for  the  rounded-apex  traces. 
See  text.  A scaled  drawing  of  the  jet  from  Fig.  9 
(v  = 7. 7 mm/psec)  is  included  between  the  two  sets 
of  traces  to  provide  an  idea  of  the  time  required 
for  traversal  of  the  “spot  size  ",  3 mm,  at  1 meter 
range. 


where  the  superscript  “exp”  refers  to  the  jet  trace 
value  and  “bb”  the  biackbody  value.  The  assump- 
tion is  that  the  ratio  of  band  emittances  is  unity,  i.c., 

e3.94  (jm 
e2-5.5  am  ~ *’ 

which  is  only  approximately  correct  but  is  good 
enough  for  this  comparison.  The  results  of  Fig.  10 
clearly  indicate  the  effect  of  the  debris  caused  by  the 
rounded  cone. 

Three  out  of  four  i.  r.  traces  from  pointed  cones 
resemble  Fig.  10,  where  the  abrupt  rise  is  followed 
by  a gradual  decline  which  is  followed  by  a further 


increase  after  1 3 microseconds.  The  derived  tempera- 
tures increase  with  time  rapidly  after  the  jet  arrival. 

Table  2 presents  the  results  of  all  the  successful 
shaped  charge  firings  including  those  with  rounded 
cones.  The  temperatures  in  all  cases  were  derived 
from  radiances  observed  within  the  first  microsecond 
after  the  signal  start.  For  the  rounded  cone  shots,  the 
thickness  of  debris  near  the  jet  tip  is  small  and  may 
not  interfere.  Indeed,  most  traces  exhibit  shallow 
signals  in  the  first  microsecond. 

Shots  13,  14  and  20  were  carried  out  with  a dif- 
ferent experimental  procedure  in  an  attempt  to  in- 
crease the  accuracy  of  the  measurements.  The  beam- 
splitting arrangement  of  Fig.  12  was  used.  In  spite  of 
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TABLE  2 


Shaped  Charge  Jet  Results 


Shot 

Wavelength 

Bands  (pmlpm) 

Optical  Paths 

S = Separate 

B.S.  = Beam  Split 

Ambient 

Pressure  Temperature  (°C) 

(pm) 

Comp  B 

#1  Rounded  Cone 

(3.76/4.11) 

S 

10 

400 

#2  Rounded  Cone 

(3.76/4.11) 

S 

3 

410 

#3  Rounded  Cone 

(3.76/4.11) 

s 

1 

395 

#7  Rounded  Cone 

(3.94/4.1 1) 

s 

< 1 

420 

#8  Rounded  Cone 

(3.94/4.11) 

s 

< 1 

350 

#1 5 Rounded  Cone 

(3.938/4.274) 

s 

< 1 

413 

#16  Rounded  Cone 

(3.938/4.274) 

s 

< 1 

360 

#17  Pointed  Cone 

(3.938/4.274) 

s 

< 1 

395 

#18  Pointed  Cone 

2-5.5/4.0-5.5 

s 

< 1 

560 

#19  Pointed  Cone 

2-5.5/4.0-5.5 

s 

2 

450 

#20  Pointed  Cone 

2-5.5/4.0-5.5 

B.S. 

< 1 

550 

OCT  . 

#5  Rounded  Cone 

(3.94/4.11) 

Comp  B Average  = 428°C 

Std.  Deviation  = 67°C 

S 2 

540 

#6  Rounded  Cone 

(3.94/4.11) 

S 

< 1 

(>  1000) 

#13  Rounded  Cone 

(3.938/4.274) 

B.S. 

< 1 

555 

#14  Rounded  Cone 

(3.938/4.274) 

B.S. 

< 1 

515 

Octol  Average  (excluding  #6)  = 
Std.  Deviation  (excluding  #6)  = 

537°C 

20°C 

SHAPED  CHARGE 


Fig.  12.  Schematic  of  the  experimental  arrangement 
used  to  produce  two  collnear  optical  paths. 


some  uncertainty  introduced  by  the  temperature 
dependence  of  the  reflectivity  of  the  acetate  beam 
splitter,  this  experiment  is  designed  to  rule  out  gross 


errors  possible  in  the  separate  beam  arrangement. 
Proper  alignment  of  the  two  radiometers  resulted  in 
two  oo-linear  beams  originating  at  the  same  spot  on 
the  jet.  Unlike  the  separate  beam  case,  where  the 
two  optical  paths  intersect  the  target  at  an  angle,  any 
misalignment  of  the  jet  could  not  cause  error  since 
both  radiometers  would  be  equally  affected. 

In  shot  No.  20  the  temperature  is  near  the  other 
pointed  cone  jets  and  increases  with  time  as  in  the 
others.  In  three  pointed-apex  liner  shots,  the  derived 
temperatures  exceed  800°  after  3 microseconds  and 
go  higher  beyond  that.  These  data  must  be  considered 
with  caution  since  the  absence  of  visible  interference 
in  the  framing  camera  shots  does  not  preclude  the 
presence  of  invisible  detonation  products  which  may 
begin  to  appear  at  later  times.  Of  course,  the  sharp 
increase  in  signal  .t  the  calculated  jet  arrival  time 
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would  argue  against  any  early  interference.  The  i.r. 
traces  show  a sharp  increase  after  1 3 microseconds 
which  may  indicate  the  arrival  of  these  hot  detona- 
tion products  or  interfering  jet  particles.  Unfortu- 
nately, the  framing  camera  shot  does  not  extend  to 
the  position  on  the  jet  corresponding  to  this  time.* 

It  should  be  noted  that  the  ambient  pressure  in 
the  firing  tube  seemed  to  have  no  effect  on  the  ob- 
served temperature,  at  least  below  10  miili-Torr. 

The  octol  shaped  charges  of  Table  2 seem  to  result 
in  higher  temperatures  than  the  comp  B charges  with 
the  same  filter  combinations.  The  appearance  of  the 
octol  oscilloscope  records  is  similar  to  those  of  comp 
B,  except  peaks  arc  closer  together  and  the  signal  rises 
more  quickly.  Shot  #6  seems  out  of  line,  A particle 
of  jet  may  have  been  positioned  off-axis  in  such  a way 
which  influenced  one  radiometer  preferentially.  The 
two  beam-spilt  octol  shots  are  close  to  #5.  All  octol 
liners  used  were  rounded-apex  cones. 

The  comp  B temperatures  . rived  from  the  narrow- 
band  filtered  signals,  most  of  which  were  from 
rounded  cones,  seem  to  be  lower  than  those  using  the 
broad-band  interference  filters.  This  may  simply  be 
the  result  of  the  interference  of  the  debris.  Another 
explanation  may  lie  in  the  cupper  calibration,  since 
the  uncertainty  in  the  ratios  is  high.  The  difficulty 
arises  from  the  small  cmittancc  of  polished  copper, 
which  leads  to  small  measured  radiances  and  a cor- 
respondingly large  percentage  effect  for  any  systema- 
tic error.  Thus  the  uncertainty  of  the  position  of  the 
calibration  curves  for  the  narrow  band  interference 
filters  may  be  larger  than  the  20  percent  of  the 
broad-band  curves.  The  problem  is  not  as  severe  in 
the  latter  case  since  radiance  signals  are  much  larger. 
This  emittancc  uncertainty  is  the  limiting  accuracy 
factor  for  the  narrow-  and  broad-band  cases  since  the 
random  errors  are  expected  to  be  much  less. 


CONCLUSIONS 

The  reliability  of  the  shaped  charge  temperature 
measurements  is  supported  by  the  success  of  the 


residual  temperature  measurements  on  copper  plates. 
The  ability  to  compensate  for  transient  emittance 
changes  and  to  resolve  these  on  a microsecond  time 
scale  allows  some  confidence  in  the  shaped  charge 
results. 

Since  all  measured  jet  temperatures  arc  well  below 
the  melting  point  of  copper,  the  assertion  of  a solid 
jet  can  be  made,  at  least  near  the  tip.  This  is  sup- 
ported by  other  evidence  obtained  from  radiographs 
of  spinning  jets  (6),  The  spin  rate  at  which  they  begin 
to  breakup  radially  is  consistent  with  an  ultimate 
strength  of  the  copper  material  of  0. 1 GPa.  This  value 
is  near  the  yield  strength  of  pure  copper. 
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The  isothermal  linear  and  volume  compressions  of  PETN,  TA  TU,  C02,  and  11  20  are 
determined  from  x-ray  diffraction  patterns  taken  at  hydrostatic  pressures  up  to  10 
GPa.  Prom  the  compressions,  the  Hugoniots  of  these  materials  are  calculated  as- 
suming that  the  heat  capacity  at  constant  volume  and  the  ratio  of  the  Gruneisen 
constant  to  the  specific  volume  both  remain  constant  over  the  10  GPa  pressure 
range  studied  here.  The  Hugoniots  in  shock-particle  velocity  coordinates  centered 
at  0 GPa,  293° K,  are 

PETN 

U,  = 2.320  + 2.61  Up  - 0.38  Up2,  Up  < .8  km/s,p0  * 1.774  g/cm3 

U,  = 2.81 1 + 1 .73  Up  , Up  > .8  km/s ,p0  = 1.774  g/cm3 

TATB 

U,  1.43  + 10.13  Up  - 11.42  Up2,  Up  <0.3  km/s,p0  = 1.937  g/cm3 

U,  = 2.90  + 1 .68  Up  , Up  > 0.3  km/s,  p„  a 1 .937  g/cm3 

CO 2 (solid) 

U,  = 1 .740  + 1 .65  Up  , Up  > 0.7  km/s,  p0  = 1 .488  g/cm3 

H20  (ice  VI!) 

U,  = 2.872  + 1 .69  Up  , Up  > 0.5  km/s,  p0  = 1 .395  g/cm3 


the  explosive’s  initial  state  (i.e.,  porosity,  inert  con- 
tent, grain  size)  and  then  a determination  of  its  dy- 
namic properties.  If  the  dynamic  properties  of  the 
explosive’s  pure  components  could  be  defined,  then 
the  investigator  and  the  fabricator  both  may  be  able 
to  predict  the  properties  of  the  aggregate.  One  such 
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INTRODUCTION 

Many  aspects  of  dynamic  compression  of  explo- 
sives have  been  investigated  to  better  understand  the 
processes  of  initiation  and  detonation  propagation. 
Usually  these  studies  involve  a careful  definition  of 


1 


property  is  the  shock  wave  compression  on  Hugoniots 
centered  at  theoretical  density.  Here  we  describe  an 
experimental  method  to  determine  the  isothermal 
compression  of  explosives  and  their  detonation  prod- 
ucts. From  these  data  we  can  then  calculate  the 
shock  compression  with  a reasonable  assumption 
about  the  equation  of  state. 


EXPERIMENTAL 

Primarily,  the  technique  provides  x-ray  powder 
diffraction  patterns  of  explosives  at  well-defined  pres- 
sures. The  design  of  the  apparatus  was  conceived  by 
Jamieson  and  Lawson  (1)  and  was  described  in  detail 
by  Jamieson  (2).  Recently,  the  design  was  modified 
by  Halleck  and  Olinger  (3)  to  study  low  Z materials 
such  as  explosives,  to  produce  diffraction  patterns  of 
increased  resolution,  and  to  include  a hydrostatic  me- 
dium that  does  not  support  shear,  permitting  the 
study  of  weakly  bonded  materials  such  as  explosives. 

The  principles  of  the  technique  are  simple.  The 
explosive  to  be  studied  and  a pressure  calibrating 
material  are  placed  in  an  annulus  that  is  relatively 
transparent  to  x-rays.  This  annulus  is  pressed  to  high 
uniaxial  stress  between  two  tungsten-carbide  flats, 
called  Bridgman  anvils,  and  the  diffraction  patterns 
are  taken  of  the  trapped  materials  by  directing  into 
them  an  x-ray  beam  perpendicular  to  the  axis  of 
stress  and  recording  the  pattern  on  a strip  of  film  sur- 
rounding the  sample  and  anvils. 

In  detail,  we  use  two  G.  E.  grade  999  tungsten  car- 
bide Bridgman  anvils  ground  from  right  circular  cylin- 
ders 12.3  mm  in  dia  and  13.1  mm  high.  One  end  of 
each  anvil  has  a 4.8  mm  dia  flat  bearing  surface  in  its 
center  and  a 30°  taper  ground  from  the  bearing  sur- 
face to  the  sides  of  the  cylinder,  thus  forming  a trun- 
cated cone.  On  one  bearing  surface  an  annulus  of 
beryllium  foil  0.3  mm  thick,  3.8  mm  dia,  with  a 0.3 
mm  dia  hole  in  its  center  is  mounted  with  a fast- 
setting epoxy.  The  center  of  the  annulus  is  aligned 
with  the  center  of  the  bearing  surface.  After  drying, 
the  excess  epoxy  is  removed  from  the  hole  and  the 
sides  of  the  annulus.  Into  the  hole  is  worked  a mix- 
ture of  fine  powdered  explosive  and  pressure  indica- 
tor, either  NaF  or  NaCl.  The  powders  are  not  packed, 
but  loosely  inserted. 

The  anvil  with  loaded  beryllium  annulus  is  seated 
on  a pedestal  that  is  in  turn  mounted  into  the  base  of 


a high  pressure  frame.  The  high  pressure  frame  is 
constructed  from  two  thick  steel  plates  held  together 
by  steel  tie  rods  and  held  parallel  by  precision  ma- 
chined steel  tubes  surrounding  the  rods.  On  the  base 
of  the  pedestal  is  mounted  the  x-ray  camera.  The 
camera  is  cut  from  a solid  brass  cylinder  1 14.6  mm  in 
dia  whose  sides  and  core  along  the  axis  have  been  re- 
moved. The  top  and  bottom  of  the  camera  on  which 
the  film  rests  are  supported  by  brass  pillars  through 
which  are  mounted  the  x-ray  collimator  and  exit 
beam  catcher  collars.  The  collimator  and  beam 
catcher,  when  placed  in  the  collars,  are  directed 
toward  each  other  along  the  camera  diameter.  The 
x-ray  film  is  mounted  over  the  exit  beam  collar  and  is 
held  to  the  sides  of  the  camera  by  a light  tight  steel 
band  under  spring  tension.  An  Ni  foil  is  mounted  to 
the  camera  inside  the  film  radius  and  serves  as  a 
light  shield  and  a x-ray  filter  for  white  and  CuKJ3 
x-radiation. 

The  high  pressure  frame  with  pedestal,  camera  and 
anvil  assembly  is  mounted  before  an  x-ray  port  of  an 
x-ray  generator  for  x-ray  diffraction  work.  We  use 
the  Norelco  generator  with  fine  focus  Cu  x-ray  tubes 
running  at  35  kV  and  15  ma.  Exposure  times  are  6 to 
8 hrs  for  zero  pressure  exposures  and  12  to  16  hrs  for 
high  pressure  exposures.  The  first  several  patterns  of 
an  experiment  are  taken  at  zero  pressure.  These  pat- 
terns are  compared  with  others  taken  of  the  materials 
using  regular  powder  cameras  or  are  compared  with 
published  diffraction  patterns.  From  this  comparison 
correction  factors  are  calculated  for  uncentered  sam- 
ples and  for  x-ray  cameras  that  have  circumferences 
different  than  the  normal  360  mm. 

Having  carefully  marked  the  position  of  the  anvil 
on  the  pedestal,  the  anvil  with  annulus  and  sample  is 
removed  and  a drop  of  4:1  mixture  of  methanol- 
ethanol  is  placed  on  the  annulus.  This  mixture  has 
been  found  to  remain  hydrostatic  to  pressures  slightly 
higher  than  10  GPa  [100  kbars]  (4).  The  alcohol  is 
worked  into  the  sample  hole  with  a fine  needle;  this 
removes  air  and,  if  not  done  carefully,  the  sample.  As 
the  alcohol  drys,  more  drops  are  added.  The  anvil  is 
reset  into  its  former  position  on  the  pedestal.  A com- 
mercial hydraulic  ram  is  mounted  through  the  top 
plate  of  the  high  pressure  frame.  Attached  to  the  end 
of  its  piston  is  another  pedestal  on  which  is  mounted 
the  other  anvil.  Alignment  and  parallelism  of  the  two 
anvils  are  the  foremost  considerations  when  the  high 
pressure  frame  is  designed.  With  the  alcohol  drop  on 
the  annulus  replenished,  the  piston  is  lowered  by 
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pumping  oil  into  the  ram  and  the  anvils  are  pressed 
together  against  the  annulus.  The  usual  starting  oil 
pressure  for  10  to  25  ton  rams  is  1000  psi.  The  oil 
pressure  ranges  normally  extend  to  6000  to  7000  psi 
for  the  1 0 ton  rams  and  4000  to  4500  psi  for  the  25 
ton  rams.  At  the  maximum  pressures  of  these  ranges 
the  pressure  in  the  sample  cavity  of  the  annulus  is 
about  10  GPa,  the  maximum  hydrostatic  pressure  of 
the  alcohol  mixture.  Also  at  these  maximum  ram 
pressures,  the  Be  annulus  extrudes  to  the  extent 
where  good  quality  diffraction  patterns  are  difficult 
to  obtain.  Once  the  annulus  is  under  stress,  the  colli- 
mator and  beam  catcher  are  adjusted  to  the  level  of 
the  annulus  by  shimming  the  camera  on  its  pedestal 
seat. 

The  x-ray  films  shoi  Taction  lines  of  the  explo- 
sive, the  pressure  indicator  at  a given  ram  pressure, 
and  the  diffraction  lines  from  the  beryllium  annulus. 
The  latter  forms  bands  on  the  film  because  of  the  an- 
nulus’ width.  The  bands  obscure  diffraction  lines 
from  d-spacings  between  2.04  to  1.90  A and  1.79  to 
1 .67  A.  An  exposure  is  taken  for  12  to  16  hours  at  a 
constant  ram  pressure,  then  the  film  is  developed  and 
the  ram  pressure  is  increased  several  hundred  psi  for 
the  next  exposure.  The  procedure  followed  has  been 
to  only  increase  pressure  between  exposures.  The 
reason  for  not  decreasing  pressure  is  that  there  is  a 
chance  the  relieved  stress  will  induce  radial  cracks  in 
the  annulus. 

The  pressure  in  the  sample  region  is  deduced  from 
the  volume  of  the  pressure  indicator.  The  indicator  is 
a substance  that  exhibits  a simple  diffraction  pattern 
and  whose  compression  is  well  known.  The  two  indi- 
cators extensively  used  are  NaCl  and  NaF.  Fritz  et  al. 
(5)  and  Weaver  et  al.  (6)  have  published  isothermal 
compression  equations  and  tables  for  NaCl  which  dif- 
fer by  2 1/2%  in  pressure  in  the  vicinity  of  10  GPa. 
The  P-V  relation  for  NaCl  given  by  Weaver  et  al.  (6) 
was  calculated  from  thermodynamic  parameters  de- 
rived near  ambient  conditions.  The  values  given  by 
Fritz  et  al.  (5)  were  calculated  from  P,  V values  along 
the  Hugoniot.  Despite  their  differences,  these  two 
studies  are  the  standards  for  high  pressure,  x-ray  dif- 
fraction work.  The  other  indicator,  NaF.  though  less 
compressible  than  NaCl,  is  the  most  extensively  used 
by  us.  The  P,V  correlation  for  NaF  is  derived  from 
two  sources.  Olinger  and  Jamieson  (7)  and  Spieglan 
and  Jamieson  (8)  collected  extensive  data  on  the 
simultaneous  compression  of  NaF  and  NaCl  using 
high  pressure,  x-ray  diffraction  techniques  like  that 


described  above.  The  Fritz  et  al.  (5)  NaCl  pressure 
scale  was  used  to  correlate  the  NaF  volume  with  pres- 
sure. The  other  ambient  temperature,  P,V  values  for 
NaF  were  calculated  from  Hugoniot  data  by  Carter 
(9).  In  that  study,  the  P,V  values  listed  do  not  ex- 
actly correspond  to  values  subsequently  calculated  by 
Carter  and  Fritz  (10).  Apparently  an  error  occurred 
in  calculations,  and  the  pressures  listed  by  Carter  (9) 
are  approximately  2%  too  high.  Using  either  NaF  or 
NaCl,  the  pressures  are  deduced  from  the  volumes  cal- 
culated from  their  diffraction  patterns  at  high  pres- 
sures. The  pressures  correlated  with  the  relative  vol- 
umes for  both  these  alkali  halides  are  listed  in  Table  1 . 

Once  a series  of  x-ray  diffraction  patterns  for  an 
explosive  with  pressure  indicator  have  been  taken, 
transforming  the  patterns  to  P,V  values  is  straight- 
forward. Neither  of  the  two  explosives  we  have  stud- 
ied, PBTN  and  TATB,  has  undergone  a change  in 
crystal  structure  up  to  pressures  between  5 and  10 
GPa.  From  extensive  x-ray  data  gathered  on  these 
explosives  by  others,  the  Miller  indices  of  the  diffrac- 
tion lines  of  the  patterns  are  well  known.  The  dif- 
fraction lines  of  the  pressurized  samples  are  corre- 
lated with  the  ambient  diffraction  patterns.  From 

TABLE  1 


Relative  Volumes  of  NaCl  and  NaF  as  a 
Function  of  Pressure  at  293°  K 


Pressure8 

GPa 

NaC!b 

V/V0 

NaFc 

v/v„ 

0.0 

1.00000 

1.00000 

1.0 

0.96268 

0.97999 

2.0 

0.93248 

0.96208 

3.0 

0.90705 

0.94588 

4.0 

0.88506 

0.93108 

5.0 

0.86566 

0.91747 

6.0 

0.84831 

0.90488 

7.0 

0.83259 

0.89316 

8.0 

0.81822 

0.88221 

9.0 

0.80498 

0.87193 

10.0 

0.79270 

0.86225 

11.0 

0.78124 

0.85312 

*1  GPi  - 10  kilobits. 

bA  refinement  by  J.  N.  Fritz  of  the  V/V„  listing  contained  in 
Ref.  (5). 

CA  recalculation  by  W.  J.  Carter  bated  on  the  information 
contained  in  Ref.  (9). 
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(5) 


the  distance  between  diffraction  line  pairs,  and  the 
factors  determined  by  the  diffraction  patterns  taken 
of  the  explosive-indicator  mix  at  ambient  conditions, 
a d -spacing  between  molecular  planes  is  calculated. 
(For  background  to  the  powder  diffraction  technique, 
see  Azaroff  and  Buerger’s  book,  the  Powder  Method 
[11].)  From  the  d-spacings  and  the  Miller  indices, 
the  length  of  the  unit  cell  axes  and  angles  between 
the  axes  can  be  calculated.  For  any  crystal  system 
other  than  cubic,  the  assistance  of  a computer  least- 
squares  program  is  desirable  or  even  essential.  From 
the  results  of  such  calculations,  the  volume  of  the  ex- 
plosive and  the  pressure  indicator  can  be  calculated. 

METHOD  OF  DATA  ANALYSIS 

The  accumulated  crystallographic  information 
about  the  explosive  is  presented  and  analyzed  in  sev- 
eral ways.  The  cell  edges  under  pressure  are  usually 
represented  by  least-squares  polynomials  of  the  rela- 
tive cell  edge  compression.  It  has  been  observed  (12) 
that  explosives  undergo  large  linear  changes  in  the 
directions  corresponding  with  weak  van  der  Waals 
bonding.  In  PETN  all  three  orthogonal  directions 
have  such  bonding  (12).  In  TATB,  as  we  shall  see, 
van  der  Waals  bonding  occurs  in  only  one  direction 
(also  see  [13] ).  The  linear  compressions  may  provide 
important  clues  about  the  detonation  behavior  of  an 
explosive  if  the  explosive  is  highly  oriented,  as  are 
some  TATB-based  materials,  or  if  the  explosive  con- 
tains large  crystals  of  the  base  explosive. 

The  volume,  too,  can  be  represented  by  least- 
squares  polynomials,  but  a more  meaningful  represen- 
tation is  a form  similar  to  the  shock  compression 
Hugoniot 

Us,  = c,  + s,  Upt  + q Upt2  (1) 

where  the  t subscript  denotes  isothermal  conditions. 
Here  U„  and  Upt  are  obtained  from  pressure  and  vol- 
ume along  the  isotherm  using  the  analogous  Hugoniot 
conservation  relations  that  apply  to  shock  wave  con- 
ditions. 


= (PV0/(1  -v/v0))l/2 

(2) 

[p,  = (PV0(l  -V/VQ)),/2 

(3) 

Up,/V0 

(4) 

V/V0  = (UIt-Upt)/Ult 

In  the  isothermal  equation  (1)  c,  is  the  isothermal 
bulk  sound  speed  at  zero  pressure  instead  of  the  adi- 
abatic bulk  sound  speed.  Similarly,  the  second  pa- 
rameter, st,  is  related  to  the  zero  pressure,  pressure 
derivative  of  the  isothermal  bulk  modulus  (B^t)  in 
the  same  way  that  the  shock  second  parameter  is  re- 
lated to  the  adiabatic  modulus 

st  = (Bo,  + l)/4;  s ■ (Bq,  + l)/4  (6) 

If  the  adiabatic  bulk  sound  speed,  c,,  the  volume 
thermal  expansion,  aty,  and  the  heat  capacity  at  con- 
stant pressure, Cp,  are  determined  for  the  explosive 
of  interest,  then  a refined  isothermal  compression  and 
a shock  compression  can  be  calculated.  All  of  these 
parameters  are  readily  and  routinely  determined.  The 
zero  pressure  bulk  sound  speed,  c|(  is  the  shock  U5  in- 
tercept at  Up  = 0.  Both  c,  and  Cv,  the  heat  capacity 
at  constant  volume,  are  calculated  from  c,,  Cp,  and 
city  using  the  following  relations 


Cv  ^Cp-o^Tc,2 

(7) 

c,  « cs(Cv/Cp)1/2 

(8) 

The  calculation  is  started  by  assuming  c,  » c,  in 
Eq.  (7)  and  then  cycling  the  results  between  the  two 
equations  until  the  Cv  and  c,  values  converge.  The  c, 
can  be  used  for  the  constant  in  Eq-  (1)  instead  of  cal- 
culating it  from  a quadratic  fit  to  the  data;  this  in- 
creases the  certainty  of  the  other  constants. 

The  shock  compression  of  the  explosive  is  calcu- 
lated from  Eq.  (1)  in  the  following  manner.  The 
energy  change  from  the  initial  volume,  VQ,  to  some 
volume,  VL , at  constant  temperature  T is 


MVL}-Et{V0}=  / (TyCv/V-P,)dV  (9) 

•V 

vo 

The  brackets,  { },  mean  “evaluated  at.”  The  sub- 
script, t,  again  refers  to  isothermal  compression,  y is 
the  Grfineisen  constant 

y * <*v  ci  /cp  (io) 
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The  assumption  made  here  is  that  both  Cv  and  7/V 
remain  constant  over  all  conditions  of  isothermal  and 
shock  compression,  as  long  as  the  explosive  does  not 
transform  to  another  phase.  A similar  energy  change 
along  the  Hugoniot  of  the  explosive  is 

Eh{VL}-Eh{V0}-iph{VL}(V0-VL)(H) 

The  subscript,  h,  refers  to  shock  compression.  Finally, 
the  energy  cycle  is  completed  by  calculating  the 
energy  difference  between  VL  on  the  isotherm  and 
VL  on  the  Hugoniot.  This  difference  is  calculated 
from  the  following  thermodynamic  relatioi 

dE/3P)v  - V/7  (12) 

Since  V/7  is  assumed  constant, 

Eh{VL}-Et{VL}« 

(V/7)[Ph{VL}-Pt{VL}]  (13) 

If  we  set  Eh  (V„ } ■ E,  (V0 },  then  combining  Eqs. 
(9),  (11)  and  (13), 

Ph(vL}  = 

fvL 

Pt  (VL  }(V/7)  + P,dV  - [T(7/V)Cv]  (Vl  - VG) 
•y 

[(V/7)  - 1/2  (V0  - VL)]  (U) 

The  integral  in  Eq.  (14)  is  solved  by  numerical  inte- 
gration 


PETN 


The  study  of  the  compression  of  PETN  was  pub- 
lished earlier  (12).  However,  the  NaF  pressure  scale 
used  was  the  earlier  Carter  scale  (9)  and  not  the  re- 
vised scale  listed  in  Table  1 . In  addition,  Morris  (14) 
has  refined  the  adiabatic  bulk  sound  speed  value  (that 
work  appears  in  this  volume).  The  basic  data,  V/V0 
of  PETN  correlated  with  V/V0  of  NaF,  are  listed  in 
the  earlier  study  ( 1 2)  along  with  appropriate  figures 
and  will  not  be  repeated  here.  We  have  listed  below 
the  revised  isothermal  (U,t-Upt)  compression  and  the 
Hugoniot  (U,-Up)  calculated  from  Eqs.  (18)  and  (19). 
The  thermodynamic  properties  of  PETN  are  listed  in 
Table  2. 

UIt  * 2.233  + 2.737  Upt  - 0.S1 1 Upt2, 

Upt  < .8  km/s,pQ  « 1.774  g/cm3  ^ 


Ult«  2.759+  1.695  Upt, 

Upt  > .8  km/s ,p0  * 1.774  g/cm3 


U,  » 2.320  + 2.612  Up  - 0.379  Up2, 
Up  < .8  km/s,  p0  * 1 .774  g/cm3 


U,  * 2.81 1 + 1.730  Up, 

Up  > .8  km/s,  p0  ■ 1 .774  g/cm3 


TABLE  2 


Thermodynamic  Properties  of  PETN  at 
293° K,  0 GPa 


p0  ■ 1 .774  g/cm3 

Ref.  (12) 

c,  **  232  km/s 

Ref.  (14) 

ct  ■ 2.23  km/s 

Oy  * 2,32  X 10~*/K° 

Ref.  (15) 

Cp-  1.08J/gK° 

Ref.  (16) 

Cv-  1.00J/gK° 

7-  1.15 
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TATB 


The  lymmetry  of  TATB  is  much  lower  than  that 
of  PETN  (triclinic  with  6 parameters  to  determine  as 
compared  to  tetragonal  with  only  2 parameters  to  de- 
termine). [For  details  on  the  crystal  structure,  see 
Ref.  (17)j . The  large  TATB  molecule  is  flat  and 
shaped  like  a hexagon  in  the  plane  defined  by  the  a 
and  b axes.  It  is  hydrogen  bonded  to  6 molecules  in 
hexagonal  close-packed  array.  The  molecules  bonded 
in  this  manner  form  sheets.  The  resulting  symmetry 
in  the  a-b  plane  is  nearly  hexagonal  (a/b  ■ 0.998,  y * 

1 19.97°).  The  sheets  are  bonded  to  one  another  by 
weak  van  der  Waals  bonds.  A point  in  one  sheet  is 
shifted  from  a position  directly  over  the  correspond- 
ing point  in  the  sheet  beneath  it  so  that  the  cell  edge 
that  connects  these  points,  the  c axis,  forms  an  angle 
of  9 1.82°  03)  with  the  t axis  and  an  angle  of  108.59° 
(a)  with  the  b axis.  The  two  assumptions  we  used  to 
determine  the  cell  parameters  from  high  pressure  dif- 
fraction patterns  are  1 ) a/b  remains  constant  under 
pressure  and  2)  a point  on  one  sheet  of  molecules  re- 
mains over  the  same  relative  position  on  the  sheet  be- 
low it.  From  this  assumption  the  following  relations 
are  derived.  If  £u  is  the  projection  of  the  c axis  on 
the  a axis  at  zero  pressure  and  cb  is  the  projection  of 
the  c axis  on  the  b axis  at  zero  pressure,  then  the 
angles  between  c and  a (fi)  and  c and  b (a)  at  high 
pressure  are 


ap  = arc  cosine  (-<b  X (bp/b0)/cp)  (22) 

Pp  = arc  cosine  (■<,  X (ap/a0)/cp)  (23) 

7p  a 70  (because  of  the  first  assumption)  (24) 

The  subscript,  o,  in  the  above  expressions  denotes 
zero  pressure,  and  the  subscript,  p,  denotes  pressure  p. 

At  low  pressures  (0.1  to  3.0  GPa)  as  many  as  ten 
diffraction  lines  were  measurable;  at  high  pressure 
these  were  reduced  to  four.  The  4 0 values  measured 
were  used  to  determine  the  two  independent  cell  pa- 
rameter variables,  a and  c (reduced  from  6 to  2 by  the 
above  two  assumptions).  The  pressure  was  Indicated 
by  the  diffraction  pattern  of  NaF  which  was  mixed 
with  the  TATB  sample.  Table  3 lists  the  cell  parame- 
ters and  pressures  determined  from  the  high  pressure 
patterns.  The  isothermal  compression  fits  of  the  two 
independent  variables  and  the  Ult-Upt  fits  are 

a/a0  = 1 - 4.438  X 10’3P, 

(25) 

0 < P < 7 GPa 

c/c0*l  -4.931  X 10"2P  + 9.495  X 
10'3P2  -7.202 X 10~*P3,0<P<3  GPa 


tabu:  3 


Crystallographic  Cell  Parameters  of  TA  TB 


NaF* 

(V/VJ 

Pressuret 

(GPa) 

at 

A 

bt 

A 

ct 

A 

at 

(deg) 

Pt 

(deg) 

(deg) 

1.0000 

0.00 

9.0109 

9.028§ 

6.8 1 2 § 

10S.6§ 

9I.8§ 

120.08 

0.9965  (09) 

0.17  (.05) 

9.016  (.009) 

9.034 

6.807  (.017) 

108.6 

91.8 

120.0 

0.9826(12) 

0.87  (.07) 

8.986  (.021) 

9,004 

6.492  (.020) 

109.5 

91.9 

120.0 

0.9724(10) 

1.41  (.06) 

8.958  (.018) 

8.976 

6.461  (.014) 

109.5 

91.9 

120.0 

0.9597  (09) 

2.14  (.08) 

8.944  (.009) 

8.962 

6.376  (.011) 

109.8 

91.9 

120.0 

0.9507(15) 

2.69  (.10) 

8.877  (.017) 

8.895 

6.289  (.013) 

109.9 

91.9 

120.0 

0.9374(14) 

3.56  (.09) 

8.846  (.016) 

8.864 

6.205  (.012) 

110.1 

92.0 

120.0 

0.9029(11) 

6.17  (.10) 

8.752  (.018) 

8.770 

6.039  (.015) 

110.4 

92.0 

120.0 

0.8929(15) 

7.02  (.13) 

8.678  (.005) 

8.695 

5.951  (.001) 

110.6 

92.0 

120.0 

•Deviation  X 104  in  parenthesis 
t Deviation  in  parenthesis 
t Calculi  ted  from  t and  c_ 

6 Kef.  (17) 


795 


c/c0  -0.9515  - 1.089  X 10_2P, 


3 < P < 7 GPa 

(26) 

Ult=  1.43  + 10.13  Upt-  11.45  Upt2, 
Up(  < 0.3  km/s,  pQ  = 1 .937  g/cm3 

(27) 

U„  =2.90+  1.67  Upl, 

Up,  > 0.3  km/s,  pQ  = 1 .937  g/cm3 

(28) 

From  the  isothermal  compression  data  and  ther- 
modynamic parameters  listed  in  Table  4,  the  shock 
compression  Hugoniots  are  calculated  to  be 

U,=  1.43 + 10.13  Up -11.42  Up2, 
Up<  0.3  km/s,  p0  = 1 .937  g/cm3 

(29) 

U,»  2.90+  1.68  Up, 

Up  > 0.3  km/s,  p0  ■ 1 .937  g/cm3 

(30) 

The  U,j-Up  slope,  1 .68,  elaculatcd  for  the  TATB 
Hugoniot  in  the  higher  l!p  region  is  smaller  than 
found  by  either  Colebum  and  Liddard  (18),  2.32,  or 
by  Craig  (18),  2.50,  but  is  of  the  same  magnitude  as 
for  many  other  explosives.  For  PF.TN  the  quadratic 
fit  of  the  calculated  U,-Up  Hugoniot  was  necessary  to 
fit  the  compression  data  up  to  5.5  GPa.  As  we  stated 
earlier,  PETN  has  van  dcr  Waals  bonding  in  all  direc- 
tions. For  TATB,  however,  where  van  der  Waals 
bonds  are  in  only  one  direction,  the  linear  fit  is  ade- 
quate for  U,-Up  data  above  2.0  GPa.  One  other  item 
to  be  noted  is  that  the  Grilneisen  constant  calculated 


TABLE  4 


Thermodynamic  Properties  of  TA  TB  at 
293°  K,  0 GPa 


p0  = 1.937  g/cm3 

Ref.  (17) 

c,  - 1 .43  km/s 

Ref.  (19) 

c,  * 1 .43  km/s 

tty  = 9.95  X 10_5/K° 

Ref.  (20) 

Cp  = 1.00J/gKo 

Ref.  (21) 

Cv  - 0.99  J/gK° 
7 - 0.20 


here  (0.20)  is  considerably  smaller  than  the  constant 
reported  in  Dorbratz’s  compendium  ( 1 8),  1 .60.  The 
small  Gnineisen  constant  it  due  to  the  small  bulk 
sound  speed  ( 1 .43  km/s)  and  small  volume  thermal 
expansion  (9.9  X 10"3 /K°).  Though  both  may  be 
slightly  larger  because  of  porosity  effects  for  the 
former  and  accuracy  for  the  latter,  the  GrQneisen  con- 
stant is  probably  no  larger  than  0.4. 

C02 

The  work  on  C02  had  to  be  done  on  the  solid 
form,  of  course,  so  that  the  C02  would  yield  diffrac- 
tion patterns.  The  anvil  on  which  was  mounted  the 
beryllium  annulus  containing  NaF  was  cooled  by  cir- 
culating liquid  nitrogen  around  its  base.  Once  cooled, 
commercial  dry  ice  was  scraped  on  the  edge  of  the 
annulus,  and  a small  pile  of  fine  C02  chips  accumu- 
lated above  the  annulus  hole.  The  upper  anvil,  at 
room  temperature,  was  lowered  onto  the  pile  of  C02 
as  quickly  as  possible,  luckily  trapping  some  C02  in 
the  hole  of  the  annulus  with  the  NaF.  No  alcohol 
was  added  because  the  experiment  would  have  been 
more  difficult  and  there  was  no  proof  that  C02  was 
not  miscible  in  the  alcohol.  The  specific  volumes  of 
C02  at  293°K  at  pressures  from  3 to  10  GPa  are 
listed  in  Table  5. 

A Hugoniot  for  solid  C02  centered  at  ambient  con- 
ditions can  be  calculated  if  estimates  of  the  specific 
volume,  Vu,  thermal  expansion,  o^,  and  heat  capac- 
ity, Cp,  for  these  conditions  can  be  made.  In  1926 

TABLE  5 


Specific  Volume  Data  for  C02  at 
Pressures  to  10  GPa,  293° K 


V? 

(cm3/g) 

Pressure 

(GPa) 

0.4965  ± .0007 

3.30  4 0.14 

0.4638  4 .0006 

5.52  4 0.12 

0.4529  4 .0006 

6.68  4 0.14 

0.4462  ± .0006 

7.18  4 0.04 

0.4433  4 .0010 

7.70  4 0.12 

0.4403  ± .0005 

7.89  4 0.13 

0.4357  4 .0007 

8.67  ± 0.09 

0.4290  ± .0007 

9.83  ± 0.07 

0.4263  ± .0008 

9.99  4 0.19 
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Maas  and  Barnes  (22)  made  a very  thorough  study  of 
the  thermodynamic  properties  of  solid  and  liquid 
C02 . Prom  their  solid  C02  density  measurements 
between  88°K  and  186°K  (above  186°  their  measure- 
ments deviated  suddenly  from  a linear  V-T  behavior) 
and  specific  heat  content  measurements  between 
90°K  and  212°K,  the  values  for  density  and  specific 
heat  content  were  extrapolated  to  293°K.  The  extra- 
polations were  linear  for  density,  quadratic  for  heat 
content;  Oy  and  Cp  were  calculated  from  the  slopes  at 
293°K.  These  values  are  listed  in  Table  6.  Using  the 
V0  value  (l/p0  ■ 0.6720  cm3/g),  a U„,  Upt  fit  to  the 
data  in  Table  5 is 

UIt  ■ 1.623  + 1.71  UD„ 

P , (31) 

Upt  > 0.7  km/s,  p0  = 1 .488  g/cm3 

Using  Eq.  (31)  and  the  thermodynamic  quantities 
listed  in  Table  6,  the  calculated  Hugoniot  for  solid 
C02  starting  at  293°K  is 

U.  * 1.740+  1.65  UD, 

P , (32) 

Up  > 0.7  km/s,  pu  * 1 .488  g/cm3 

Solid  C02,  like  the  explosives  discussed  above,  is 
composed  of  C02  molecules  bonded  to  one  another 
by  van  der  Waals  bonds.  Therefore,  like  PETN  and 
TATB,  the  Ugt-Upt  and  U,-Up  equations  are  quad- 
ratic at  low  pressures  and  thus  the  c,  and  c,  are  lower 
than  given  in  Eqs.  (31)  and  (32).  The  present  data 
does  not  permit  an  estimate  of  the  quadratic  coeffi- 
cients, and  the  fits  are  only  accurate  above  Upt  and 
Up  values  of  0.7  km/s. 


H20 

As  with  C02,  the  study  of  H20  was  on  a solid 
form,  specifically  ice  VII,  the  stable  phase  of  H20 
above  2.5  GPa  at  298°K.  Data  for  the  compression 
of  ice  VII  was  presented  earlier  (26)  using  the  experi- 
mental technique  described  here.  However,  alumi- 
num was  used  as  the  pressure  indicator,  and  the  pres- 
sures correlated  with  aluminum’s  relative  volumes 
have  been  found  to  be  5%  to  4%  larger  up  to  10  GPa 
(27)  than  given  in  that  work  (26).  Therefore,  the 
pressures  were  revised  and  the  results  are  presented 
here.  The  listings  of  the  relative  volumes  of  alumi- 
num and  ice  VII  are  found  in  the  earlier  work;  the 
isothermal  compression  used  here  for  aluminum  is 


TABLE  6 


Thermodynamic  Properties  of  CO  2 (solid) 
at  29? K,  0 GPa 


p0  = 1 .488  g/cm3 

Ref.  (23) 

c,  * 1 .74  km/s 

c,  = 1 .62  km/s 

Ref.  (24) 

otv  = 5.41X  10“*/K° 

Ref.  (23) 

Cp  = 1.77J/gK° 

Ref.  (25) 

Cv  - 1 .54  J/gK° 

y = 0.93 


U„  = 5.290+  1.388  Upt, 
P0  = 2.701  g/cm3 


(33) 


The  ambient  specific  volume  of  ice  VII  is  chosen  so 
that  the  Ult-Upt  equation  (Eq.  ( I ) above)  is  linear; 
that  volume  is  0.7 1 7 cm3/g.  The  subsequent  linear 
equation  for  ice  VII  is 


U.,  =2.872+ 1.685  Unt, 

P , (34) 

Up,  > 0.5  km/s,pM  = 1 .395  g/cm3 

In  order  to  calculate  the  Hugoniot  of  ice  VII  cen- 
tered at  ambient  conditions,  assumptions  about  the 
specific  heat  capacity  and  thermal  expansion  of  ice 
VII  must  be  made.  Normal  ice,  ice  lh,  has  a structure 
only  slightly  different  from  the  structure  of  low  tem- 
perature ice  at  zero  pressure,  ice  Ic.  Their  densities, 
too,  are  nearly  the  same.  Therefore,  we  assume  that 
both  structures  have  the  same  specific  heat  capacities 
and  thermal  expansions,  lire  ice  VII  structure  con- 
sists of  two  interpenetrating  but  not  interconnecting 
ice  Ic  flameworks,  and  thus  it  is  not  unreasonable  to 
expect  molecular  vibrations  and  relative  bond  length 
expansions  to  be  nearly  the  same  between  the  two 
structures.  Therefore  we  assume  the  specific  heat  ca- 
pacities and  thermal  expansions  to  be  the  same.  In- 
cluding the  isothermal  bulk  sound  speed  calculated 
for  Eq,  (34)  above,  the  thermodynamic  properties  of 
ice  VII  at  ambient  conditions  are  listed  In  Table  7. 
Combining  these  with  the  isothermal  compression, 

Eq.  (34),  the  ice  VII  Hugoniot,  centered  at  ambient 
conditions,  is  calculated  to  be 
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TABLE  7 

Thermodynamic  Properties  of  H2O  (ice  VII) 
293° K,  0 GPa 


p0  = 1.395  g/cm3 

Ref.  (28) 

c,  = 2.92  km/s 

ct  a 2.87  km/s 

Ref.  (29) 

av=  1.7  X lO^/K0 

Ref.  (30) 

Cp  * 2.09  J/gK° 

Ref.  (30) 

Cv  = 2.02  J/gK° 

7 = 0.69 

U,  = 2.920+  1.678  U_, 

p (35 

Up  > 0.5  km/s,  pQ  - 1 395  g/cm3 
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We  have  determined  the  effect  of  chemical  composition  on  explosives  performance 
via  a series  of  experiments  on  specially  formulated  explosives.  For  most  of  these 
explosives  we  have  measured  detonation  pressure,  detonation  velocity,  and  isen- 
tropic  expansion.  In  some  cases  we  also  measured  detonation  temperature  and 
product  composition.  Included  for  comparison  are  calculated  detonation  parame- 
ters using  the  BKW  and  JCZ3  equations  of  state.  The  results  demonstrate  signifi- 
cant differences  between  the  calculational  and  experimental  results  for  composi- 
tions that  yield  a preponderance  of  HF and  CF4,  H2Ot  or  predominantly  CO  and 
CO 2 as  detonation  products.  The  results  further  inaicate  not  only  a need  to  adjust 
the  equation  of  state  parameters  for  H20  and  C02,  and  fluorine  containing  species 
in  the  BKW  and  JCZ3  equations  of  state,  but  in  all  likelihood  a need  to  make 
changes  in  the  equation  of  state  itself.  The  data  also  point  to  the  possible  advan- 
tages in  developing  explosives  with  elemental  compositions  that  are  predominantly 
carbon-oxygen  or  hydrogen-oxygen  in  order  to  achieve  particular  explosive  charac- 
teristics. 


INTRODUCTION 

It  is  our  intent  to  present  a comparison  of  experi- 
mental and  predicted  detonation  performance  data  so 
as  to  indicate  clearly  the  areas  in  which  the  calcula- 
tional model  needs  improvement.  The  overall  pur- 
pose of  this  work  is  to  improve  our  ability  to  predict 
the  detonation  behavior  of  new  materials  and  give 
better  guidance  to  the  direction  of  explosives  devel- 
opment. 

•This  work  was  performed  under  the  auspices  of  the  U.S. 
Energy  Research  and  Development  Administration  under 
Contract  No.  W-740S-Eng-48. 


The  most  widely  used  description  of  detonation 
products  for  predicting  the  detonation  properties  of 
condensed  explosives  is  the  BKW  (Becker,  Kistiakow- 
sky,  Wilson)  equation  of  state.  This  equation  of  state 
has  been  incorporated  in  thermo-hydro  codes  such  as 
Fortran-BKW,  (1)  RUBY,  (2)  and  TIGER  (3).  There 
have  been  many  contributions  to  the  development  of 
the  current,  widely  used  form  of  the  equation  based 
on  a Kistiakowsky  and  Wilson  modification  of  an 
equation  due  to  Becker  (4, 5,6, 7, 8, 9).  Cowrn  and 
Fickett  further  modified  the  equation  to  its  current 
form  (10): 
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P*  V/RT  = 1 +Xe*x, 


where 


X = /c2nj  kk/V  (T  + 0)a 

Fitting  of  this  equation  to  detonation  data  was  ac- 
complished by  Cowan  and  Fickett.  Later  Mader  re- 
parameterized BKW  to  give  the  set  used  extensively  in 
the  Fortran-BKW  Code  today  (1 1).  Slightly  different 
parameters  are  incorporated  in  the  RUBY  and  TIGER 
codes. 

To  determine  the  best  BKW  parameters  one  ad- 
justs a,  (3,  k,  and  0 and  the  covolume  factors,  ki(  of 
appropriate  detonation  products  to  fit  the  best  explo- 
sives performance  data  available.  In  the  early  1960s, 
the  BKW  parameters  were  adjusted  to  fit  experimen- 
tal Hugoniot  data  for  H20,  N2,  and  C02  and  five  ex- 
perimental measurements  involving  two  explosives, 
RDX  and  TNT.  Based  on  this  limited  data  base,  the 
predictions  of  relative  explosive  performance  re- 
ported by  Mader  and  others  have  been  fairly  reliable. 
However,  as  we  will  point  out  BKW  predictions  are 
not  accurate  on  an  absolute  scale,  and  where  ex- 
tremes in  explosive  compositions  are  investigated, 
prediction  of  the  relative  behavior  are  also  in  error. 

Several  authors  have  pointed  out  the  shortcomings 
of  BKW  as  a physically  realistic  equation  of  state 
(12,13,14).  The  most  obvious  deficiency  is  the  fail- 
ure of  the  equation  to  calculate  finite  pressures  at 
high  density  as  the  temperature  approaches  zero  (i.e., 
the  equation  docs  not  predict  a lattice  pressure).  It 
has  further  been  observed  that  the  BKW  equation  of 
state  consistently  over-estimates  the  pressure  in  the 
detonation  products  during  isentropic  expansion. 
Fickett  (15)  developed  a calculational  program  based 
on  the  Lennard-Jones  (L-J)  cell  modei  to  calculate 
detonation  products.  More  recently  Jacobs,  Cowper- 
thwsdte,  and  Zwisler  (14,16)  have  developed  an  ana- 
lytic equation,  JCZ3,  which  possesses  most  of  the  fea- 
tures of  the  L-J  model  particularly  a lattice  potential 
based  on  the  exponential  sixth  intermolecular  poten- 
tial function.  The  parameters  for  the  intermolecular 
potential  functions  in  these  equations  of  state  are 
based  on  such  measurements  as  molecular  scattering 
and  gas  compressibility  and  viscosity.  Some  adjust- 
ments have  been  made  ir  JCZ3  based  on  a very  lim- 
ited set  of  high  explosive  measurements  (14). 

In  short,  we  believe  that  the  current  set  of  parame- 
ters used  in  equations  of  state  or  possibly  the  equa- 
tions of  state  themselves,  are  not  very  satisfactory.  In 


this  paper  we  attempt  to  provide  a much  broader  data 
base  for  determining  an  improved  set  of  parameters 
for  BKW,  JCZ3,  and/or  successors. 

To  achieve  this  we  have  investigated  the  effect  of 
elemental  composition  on  the  detonation  perform- 
ance of  explosives  by  choosing  a range  of  composi- 
tions to  emphasize  one  or  more  important  detonation 
products  such  as  H20,  HF,N2,  CO,  C02,  and  CF4. 
We  also  studied  the  “independent”  effect  of  these 
products  upon  the  C-J  parameters  and  energy  deliv- 
ered in  isentropic  expansion.  Reliance  on  the  pre- 
dicted C-J  pressure  or  detonation  velocity  alone  could 
be  misleading  in  assessing  the  relative  performance  of 
explosives.  We  have  re-parameterized  the  BKW  con- 
stants and  covolume  factors  over  a wider  base  of  det- 
onation velocity  and  pressure  measurements  to  in- 
clude CNO  and  HNO  explosives.  We  differentiate  in 
the  text  between  the  standard  set  of  TIGER-BKW 
parameters  and  the  re-parameterized  ones  by  use  of 
the  designations  BKW  and  BKWR,  respectively.  We 
have  carried  out  a set  of  calculations  to  compare  the 
predictions  using  BKW-TIGER,  BKWR-TIGER,  and 
JCZ3-TIGER  with  the  experimental  results. 


hlEMENTAL  compositions 

We  selected  explosives  with  a wide  range  of  ele- 
mental compositions.  For  the  purpose  of  this  paper, 
we  have  selected  a few  of  these  chemical  systems  as 
illustrative  of  the  effect  of  composition  on  detona- 
tion performance.  In  Table  1 we  list  these  explosives 
and  their  elemental  compositions.  We  have  tabulated 
representative  “idealized”  detonation  products  using 
an  arbitrary  product  priority  of  N2,  HF,  H20,  H2, 
CO,  C02,  and  C<f)  depending  on  the  system. 

CHAPMAN-JOUGET  STATE 

in  Table  2 we  have  tabulated  experimental 
Chapman-Jouget  detonation  parameters  for  each  of 
the  chemical  systems  we  have  chosen  for  illustrative 
purposes.  Also  included  are  the  calculated  C-J  param- 
eters based  on  BKW-TIGER,  JCZ3-TIGER,  and 
BKWR-TIGER. 

The  velocity  of  detonation  is  a fundamental  and 
readily  measured  characteristic  property  of  a high  ex- 
plosive. The  detonation  velocity  of  a given  explosive, 
just  as  other  detonation  parameters  do,  depends  on 
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its  composition,  loading  density,  and  geometric  fac- 
tors such  as  size  and  confinement  of  the  charge.  All 
the  measurements  of  detonation  velocity  reported 
were  obtained  using  an  electronic  pin  switch  tech- 
nique developed  by  Campbell,  et  al.  (1 7).  The  deto- 
nation velocities  reported  for  most  systems  were  ob- 
tained in  25.4,  50.8,  or  101.6  mm  diameter  charges. 
Although  they  are  not  reported  as  infinite  diameter, 
plane  wave  velocities,  they  are  very  dose  to  D« . 

Experimentally,  C-J  pressures  are  measured  by  var- 
ious indirect  hydrodynamic  methods.  As  has  been 
pointed  out  by  Kamlct  (18)  and  Davis  (19),  these 
measurements  span  a range  of  10-20%,  and  their  ex- 
act interpretation  is  uncertain.  The  C-J  pressures 
given  in  this  paper  were  obtained  from  front-surface 
motion  measurements.  These  fall  into  one  class  of 
data  which  have  been  shown  to  be  self  consistent. 
Further  refinement  of  these  values  will  not  in  our 
view  substantially  alter  the  over-all  pattern.  Recent 
theoretical  studies  by  Bdzil  (20)  and  more  direct 
measurements  using  the  electromagnetic  technique 
(21 ,22,23)  promise  to  resolve  some  of  the  conflict 
concerning  detonational  pressure  measurements. 


The  technique  for  measuring  temperature  of  the 
detonation  wave  is  described  by  Urtiew  (24).  In 
short.,  it  is  an  optical  technique,  which  measures  the 
amount  of  thermal  radiation  emitted  from  a hot  radi- 
ating surface.  Looking  through  the  transparent  liquid 
explosive  the  photodiode  detector  measures  radiation 
flux  emitted  by  the  oncoming  detonation  front.  The 
signal  is  interpreted  as  a brightness  temperature  via 
Planck’s  radiation  law. 

As  a further  test  of  our  current  ability  to  predict 
C-J  parameters  we  have  tabulated  the  C-J  pressure  as 
a function  of  loading  density  for  two  explosives.  In 
Fig.  1 , we  present  the  experimental  C-J  pressures  for 
HMX  (actually  RDX  and  HMX  are  identical  up  to 
p = 1 .8).  We  also  plot  the  calculated  C-J  pressure  vs  p 
curves  for  BKW  and  JCZ3.  TNT  is  presented  simi- 
larly in  Fig.  2. 

The  data  we  present  for  the  C-J  state  of  HCNO  ex- 
plosives fall  within  the  normally  expected  range  of 
values  for  condensed  explosives.  Measurements  of 
other  systems  were  made  using  the  same  techniques. 

It  is  apparent  that  the  temperature  reported  by 


TABLE  1 

Explosives  Systems  Studied  to  Determine  Effect  of  Composition  on  Explosive  Performance 


Mole  % Products8 


Composition,  wt.  % 

Density 

g/cc 

N2 

TNT 

2,4,6  Trinitrotoluene 

c7h5n3o6 

mm 

14 

NM 

Nitromethane 

ch3no2 

mm 

16 

HCNO 

HMX 

Cyciotetramethylene 

tetranitramine 

C4HgNgOg 

1.89 

34 

PETN 

Pentacry  thritolte  trinitrate 

C5HgN4012 

1.77 

18 

RX-23-AA 

Hydrazine  Nitrate/ 
Hydrazine-79/21 

rt6.7SN3.80°2.49 

1/21 

36 

HNO 

RX-23-AB 

Hydrazine  Nitrate/Hydrazine/ 
H2O-70/5.9/24.1 

H7.10N2.5S°3.SS 

1.384 

27 

RX-23-AC 

Hydrazine  Nitrate 
Hydrazine-30/70 

H10.31NS.32o0.95 

1.135 

34 

CNO 

BTF 

Benzotrifuroxane 

CftNgOg 

1.859 

33 

HCNF 

1 ,2-DP 

1 ,2-bis(difluoroamino) 
propane 

CjH6N2F4 

1.26 

11 

HCNOi 

FEFO 

Bis(2-fluoro-2,2-dinltroethyl) 

formal 

CsH6N4Oi0F2 

1.59 

18 

8 Assumes  arbitrary  formation  of  products  in  the  order  of  N2,  HF,  H20,  H2,CO,  C02,  and  Cg. 
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TABLE  2 


Experimental  and  Calculated  Chapman-Jouget  Parameters a 


Calculations 


Explosive 


TNT 
p * 1 .63 
AHf  = -15 

NM 

p = 1.13 
AHf  = -27. 

HMX 
p = 1.89 


PETN 
p-  1.77 
AHf  = -128.7 

RX-23-AA 
p * 1.421 
AHf  = -41  d 

RX-23-AB 
p=  1.384 
AHf  = -140.d 

RX-23-AC 
P = 1.135 
AHf  = +5d 

BTF 

p = 1.859 
AHf  = +144. 

1,2  DP 
P = 1 .26 
AHf  - -393 

FEFO 
p*  1.59 


EXPT 

REF 

BKW 

JCZ3 

BKWR 

6.94 

(13) 

7.30 

6.79 

7.08 

21. 

b 

22.3 

18.1 

19.9 

- 

- 

2562 

3501 

2698 

6.37 

(13) 

6.84 

6.11 

6.68 

12.5 

b 

14.4 

11.9 

13.7  ' 

3300 

(24) 

2600 

3467 

2954 

9.11 

b 

9.01 

9.11 

9.38 

39. 

b 

39  A 

35.6 

40.2 

- 

- 

2264 

3726 

3093 

8.27 

(28) 

8.51 

8.21 

8.71 

33.5 

(28) 

33.2 

28.8 

33.7 

- 

- 

2631 

4237 

3445 

8.58 

b 

8.68 

8.11 

8.52 

20.9 

c 

26.3 

20.6 

24.5 

2900 

(24) 

1453 

2695 

2332 

7.48 

b 

7.92 

7.31 

7.45 

18.6 

c 

20.3 

15.5 

17.6 

4000 

(24) 

925 

1966 

1742 

7.87 

b 

8.41 

7.98 

16.9 

c 

19.8 

17.3 

2180 

(24) 

1200 

1883 

8.48 

b 

7.82 

8.57 

8.41 

36. 

c 

30.9 

33.7 

34.6 

- 

- 

3721 

5012 

4235 

5.96 

b 

6.43 

6.79 

6.51 

14. 

c 

17.5 

16.5 

17.5 

- 

- 

3614 

4910 

3701 

7.50 

b 

7.30 

7.50 

7.61 

25.0 

c 

23.2 

22.5 

24.6 

- 

- 

2870 

4283 

3510 

*Unlt»:  p “ g/cc,  AHf  • Kcal/mole;  0 - Km/iec;  P » GPa;T 1 
'’This  work 

cE»timated  from  cylinder  teat  data 
dPer  100  gmi  of  mixture 
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Urtiew  of 4 000  °K  for  RX-23-A8  is  unrealistic.  A 
simple  estimate  based  on  the  calorimetric  detonation 
energy  of  1 100  cal/g  and  approximate  heat  capacities 
of  the  detonation  products  yields  a temperature  of 
about  1800  °K.  Since  the  products  were  limited  to 
N2  and  H20  (i.e.,  no  Carbon  present)  in  this  system 
and  the  temperature  had  to  be  quite  low,  there  very 
likely  Could  have  been  substantial  deviations  from  the 
black  body  radiation  curve. 


DETONATION  PRODUCTS 

A severe  lest  of  our  ability  to  predict  explosive 
performance  is  the  determination  of  the  detonation 
product  composition.  Ornellas  has  attempted  the  cor- 
relation of  the  product  composition  as  measured  in  a 
detonation  calorimeter  with  the  values  calculated 
along  the  insentrope  at  a freeze-out  temperature  be- 
tween 1 500  °K-1 800  °K  (25).  He  performed  these 
measurements  on  the  same  explosive  used  in  this 
work.  Comparisons  of  HCNO,  CNO,  and  HNO  explo- 
sives are  shown  in  Tables  3,4,  and  5.  The  standard 
BKW  parameters  yield  a calculated  product  mixture 


i 

i 


Fig.  1.  HMX  C-J  pressure  dependence  on  loading 
density. 


that  is  low  in  both  H2  and  CO,  and  high  in  solid  car- 
bon. This  is  a result  of  the  low  temperatures  pre- 
dicted by  BKW.  BKWR,  which  was  designed  to 
produce  higher  temperatures,  agrees  well  with  the  ex- 
perimental observations.  JCZ3,  which  also  predicts 
high  temperatures,  also  agrees  quite  well  with  experi- 
mental observation  with  the  exception  of  a low  pre- 
diction on  the  amount  of  solid  carbon.  This  is  prob- 
ably a result  of  using  too  large  a positive  value  for  the 
heat  of  formation  of  carbon. 


ISENTROPIC  EXPANSION 

A hydrodynamic  experiment  referred  to  as  the  cyl- 
inder test  has  been  used  to  obtain  isentropic  expan- 
sion data.  The  experimental  details  and  data  reduc- 
tion were  first  given  in  a paper  by  Kury.ef  a/.  (13). 

It  is  important  to  point  out  that  the  measurements  in 
most  cases  have  been  carried  out  using  several  cylin- 
der diameters  and  charge  to  mass  ratios.  The  radius- 
time  data  were  compared  to  show  that  the  scaled  re- 
sults were  indistinguishable.  This  was  done  in  order 
to  insure  that  any  effects  due  to  the  reaction  zone  in 
the  detonation  front  would  not  have  significant  ef- 
fects upon  the  expansion  behavior.  As  we  have 
pointed  out  in  another  paper  submitted  to  this  sym- 
posium, hydrodynamic  scaling  is  often  not  observed 


Fig.  2.  TNT  C-J  pressure  dependence  on  loading 
density. 
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in  commercial  composite  explosives  with  significant 
attendant  effects  on  detonation  performance. 

Numerical  analysis  methods  were  used  to  convert 
measurement  of  distance  vs.  time  from  expanding  cyl- 
inders to  detonation  product  equations  of  state,  more 
precisely  the  isentropic  expansion  curve,  P =*  P(V). 
These  methods  have  been  discussed  by  Wilkins  (26) 
and  Lee  (27)  in  some  detail.  Briefly,  an  estimated 
detonation  product  equation  of  state  is  used  in  an  ap- 


propriate 1 0 or  2D  hydrodynamic  finite  difference 
calculation  to  simulate  the  detonation  and  subse- 
quent expansion  of  a particular  explosive.  A compar- 
ison of  the  calculated  and  experimental  results  is 
made  to  obtain  an  improved  estimate,  i.e.,  adjust- 
ments of  equation  of  state  coefficients.  If  the  form 
chosen  for  the  equation  of  state  is  a sufficiently  good 
description  of  detonation  behavior,  this  process  can 
be  repeated  until  calculational  results  lie  within  the 
experimental  error.  We  have  been  successful  in  using 


Species 


tabu:  s 

HMX  (p*  1.89)  Detonation  Products  Experimental  vs.  Predicted -HCNO  System 


Calculated  Detonation  Products* 

Bxpt.  mole/Kg 


10.74 

12.8  — 12.9 

7.8  - 8.3 

6.48 

6.92  - 6.96 

7.1  -7.5 

3.56 

0.3 

4.2  - 4.7 

12.43 

13.42 

12.8-13.3 

1.33 

0.18 

0.4  - 1 .4 

1.01 

0.02 

1.1  - 1.6 

0.13 

0.1-0.16 

1.0-  1.8 

3.28 

6.1 

0-0.9 

2.5  ■♦3.5 
12.9-*-  13.1 
0.9  — 1 .1 
0.5  - 1.0 
.02  - .28 
3.0  — 4.5 


"Data  for  freeze -out  temperature  of  1800-1900  K. 


Species 


TABLE  4 

BTFfp  - 1.859 ) Detonation  Products  Experiment  vs.  Predicted-CNO  System 


Calculated  Detonation  Products1 

Expt.  moles/Kg 


C02 

6.20 

7.5 -7.8 

CO 

11.23 

8.3  - 8,8 

N2 

11.90 

11.90 

C(.) 

6.20 

7.5 -7.8 

4.5  -5.5 

5.1  -6.5 

12.80-  14.7 

10.9-13.6 

11.90 

11.90 

4 5 -► 5.5 

- ,.,,j 

5.1  -6.5 

‘Freeze-out  temperature  of  1 700-2100  'K. 


ggggr:  smmm 


the  JWL  equation  of  state  in  fitting  the  behavior  of  a 
large  variety  of  explosives  (27).  The  form  of  the  JWL 
equation  is: 

where  A,  B,  Ri , R2,  and  a>  are  constants,  and  V is  the 
relative  volume  v/v0.  The  equation  for  P as  a func- 
tion of  V at  constant  entropy  is: 

P,  = Ae"R>v  +Be'R2v  +CV"(w+1) 


and  the  energy  equation  is: 


E - Ae~R  1 v Be~R?v  C 

R . R_  + 


In  this  paper  we  have  used  this  “experimental” 
data  to  compare  with  the  results  predicted  by  equa- 
tions of  state  such  as  BKW  or  JCZ3  using  the  chemi- 
cal equilibrium  program  code  TIGER.  In  Table  6 we 
list  the  JWL  coefficients  for  the  explosives  cited  in 
this  paper.  In  Figs.  3-8,  we  graphically  present  the 


comparison  of  experimental  expansion  data  vs.  pre- 
dicted for  HCNO  explosives.  We  show  the  same  de- 
tailed comparison  of  HNO  systems  in  Figs.  9-12  and 
similarly  for  CNO  explosives  in  Figs.  13  and  14. 
HCNF  explosives  are  depicted  in  Fig.  1 S and  a 
HCNOF  explosive  in  Fig.  16.  The  parameters  used  in 
BKW,  JCZ3,  and  BKWR  are  tabulated  in  Table  7. 


DISCUSSION 

We  have  found  in  the  experimental  and  calcula- 
tional  data  presented  above  that  the  current  methods 
for  predicting  the  performance  of  explosives  are  not 
very  satisfactory.  In  an  endeavor  to  improve  the 
BKW  calculation,  and  to  avoid  the  somewhat  awk- 


ward two  parameter  set  used  by  Mader  (1 1),  we  de- 
veloped a new  revised  single  set  of  parameters.  This 
new  set  of  BKW  parameters  we  designated  BKWR.  It 
has  proven  successful  even  when  compared  with  our 
somewhat  limited  composition  and  temperature  data. 
However,  because  the  BKW  equation  characteristi- 
cally predicts  a relatively  gradual  decrease  in  isen- 
tropic  pressure  with  increasing  volume,  BKWR  also 
fails  to  give  an  accurate  prediction  for  isentropic  ex- 
pansion. This  behavior  is  attributable  to  the  deficien- 
cies mentioned  earlier,  particularly  the  lack  of  an 
attractive  (i.e.,  negative)  pressure  term  which  is  a 
necessary  feature  of  a lattice  type  equation  of  state. 
Since  the  JCZ3  parameters  in  current  use  predict 
characteristically  low  C-J  pressures  and  detonation 
velocities,  it  consequently  predicts  somewhat  lower 
isentropic  pressures  at  v/v0  > 2 as  shown  in  Figs. 


. -a 

Experimental  j 

BKW,  calc.  | 

JCZ3,  calc.  | 

BKWR,  calc.  ! 

10  ' 12  ' 14  J 

Isentropic  expansion  - v/v0 

Fig.  5.  TNT  isentropic  expansion. 


Fig.  3.  HMX  isentropic  expansion. 


V 

CL 


901-  • 


Experiment 
BKW,  calc. 
JCZ3,  calc. 
BKWR,  calc. 


80L 


2 4 6 8 10  12 

Isentropic  expansion  - v/v 


14 


U 

0) 

c 

OJ 


Si 


140 
130 
120 
110 
100 
90 
80 

0 2 4 6 8 10  12  14 


' 1 1 1 1 1 

:/ — 
/ 

1 1 1 1 1 1 1 7 

/ 

— Experimental 

— 

BKW,  calc.  - 

•••—•  JCZ3,  calc. 

Hi— J L—J i— i 

— BKWR,  calc.  _ 
1 i 1 i 1 — i — 1 — 

Isentropic  expansion  - v/vQ 


Fig.  4.  HMX  comparison  of  calculated  and  expert-  Fig.  6.  TNT  comparison  of  calculated  and  experi- 
mental isentrope  energy.  mental  isentrope  energy. 
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Isentropic  expansion  - v/vQ 

Fig.  11.  RX-23-AB,  Hydrazine  Nitrate/ Hydrazine/ 
H2O-70I5.9I24.1,  comparison  of  calculated  and  ex- 
perimental Isentrope  energy. 
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3-16.  Were  JCZ3  parameters  adjusted  to  predict  the 
correct  C-J  values  it  is  not  certain  that  it  would  still 
succeed  in  predicting  the  experimental  isentropic  ex- 
pansion. We  plan  to  carry  out  further  studies  to  an- 
swer this  question. 

We  observe  in  Fig.  1 7 very  interesting  energy  re- 
lease patterns  for  the  different  elemental  composition 
explosives.  This  data  suggests  that  selection  of  explo- 
sive composition  may  be  useful  in  enhancing  a partic- 
ular explosive  performance  characteristic. 

CONCLUSION 

We  conclude  that  an  equation  of  state  based  on  in- 
termolecular  potentials  appears  to  hold  the  most 
promise  as  a predictive  tool  for  detonation  perform- 


Isentropic  expansion  v/v(j 


Fig.  12.  RX-23-AC,  Hydrazine  Nitrate/ Hydrazine 
30/70  compwriton  of  calculated  and  experimental 
isentrope  energy. 


ance.  However,  equations  of  state,  such  as  JCZ3  will 
require  extensive  calibration  and  perhaps  modifica- 
tion. We  have  provided  in  this  paper  an  enlarged  data 
base  for  re-parameterizing  a suitable  equation  of  state 
whether  it  be  BKW,  JCZ3,  or  their  successor.  We  also 
wish  to  point  out  that  reliance  on  P(:  j or  D as  a meas- 
ure of  detonation  performance  in  other  than  HCNO 
systems  may  be  misleading. 


Fig.  14.  BTF  comparison  of  calculated  and  experi- 
mental isentrope  energy. 


2 4 6 8 10  12  14 

Isentropic  expansion  - v/vQ 


Fig.  15.  1,2-Difhtoroantinopropane  comparison  of 
calculated  and  experimental  isentrope  energy. 


Fig.  13.  BTF  isentropic  expansion. 
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We  plan  to  extend  our  efforts  in  this  area.  Not 
only  will  it  enlarge  the  data  base,  but  we  believe  it 
will  point  the  way  to  future  explosives  research.  For 
example,  to  obtain  data  for  a high-density,  C02- 
balanced,  hydrogen-free  system,  we  plan  experiments 
on  BTF/Hexanitroethane  mixtures  or  similar  com- 
positions. There  is  a great  divergence  in  the  predicted 
behavior  of  the  BTF/HNE  system. 


BKW 

JCZ3 

BKWR 

BTF/HNE-(CN02)x 

D-km/sec 

8.58 

9.66 

9.44 

p = 2.05 

P-GPa 

40.0 

42.8 

44.9 

T-°K 

3826 

5351 

4631 

Thus  experimental  results  on  such  a system  would  ex- 
ert considerable  leverage  upon  the  selection  of  equa- 
tion of  state  parameters. 


1 i ' T-1  i i 1 i r r~<~7 


130 

120 

j —Experiment 

/ — BKW,  calc. 

ft  ■ JCZ3,  calc. 

110 

■ ' BKWR,  calc. 

iuU 

..  i 1 . 1 _L  1 . i < 1 1 1 . 1 

2 4 6 fl  10  12  14 

Isentropic  expansion  - v/v0 

Fig.  16.  FEFO  comparison  of  calculated  and  experi- 
mental isentrope  energy. 


Fig.  1 7.  Comparison  of  experimental  isentropic 
energy  for  explosives  of  differing  elemental  composi- 
tion relative  to  HMX. 


In  addition  to  the  judicious  selection  of  explosives 
systems  to  give  insight  into  the  detonation  process, 
improved  experimental  techniques  are  required.  Res- 
olution of  detonation  pressures  and  temperature  dis- 
crepancies will  be  of  great  importance. 


TABLE  7 

Parameters  Used  for  TIGER  Calculations 


Constants 

EOS 

BKW 

BKWR 

JCZ3 

a 

0.5 

0.5 

_ 

P 

0.1 

0.176 

- 

K 

11.85 

11.80 

- 

0 

400. 

1850. 

- 

Covolumes 

BKW 

BKWR 

r 

2/k 

n2 

380 

404 

4.05 

120.0 

CO 

390 

440 

4.05 

120.0 

co2 

670 

610 

4.20 

200  X) 

h2o 

360 

270 

3.35 

138.0 

NHj 

476 

384 

3.35 

138.0 

CH* 

528 

550 

4.29 

154.0 

h2 

180 

98 

3.34 

37.0 

NO 

386 

386 

3.97 

105.0 

o2 

325 

325 

3.73 

132-0 

HF 

389 

389 

3.30 

100.0 

CF4 

1100 

1100 

5.00 

220.0 

nf3 

750 

750 

4.10 

200.0 

387 

387 

3.50 

200.0 

C AH  (Kcal/mole) 

+15 

+12 

+15 

720 
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DETONATION  CHARACTERISTICS  OF  LIQUID  NITRIC  OXIDE 


John  B.  Ramsay  and  W.  C.  Chiles 
Los  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico  87S4S 


Liquid  nitric  oxide  has  been  distilled  for  a number  of  years  to  alter  the  15N/14N 
ratio.  Asa  result  of  a small  explosion  In  a distillation  unit  an  investigation  has 
shown  that  the  material  is  a sensitive  explosive.  The  detonation  velocity  for  the 
liquid  at  115  K is  estimated  as  5.62 1 0.07  mm/ps  and  the  detonation  pressure  as 
100  kbar.  The  failure  diameter  for  the  liquid  confined  in  stainless  steel  is  between 
4.6  and  3.1  mm.  A high  pressure  reaction,  but  not  a detonation  wave,  propagates 
at  0. 7 mm. 


Nitric  oxide  (NO)  may  be  considered  a “magic 
liquid”  for  altering  the  natural  15N/14N  ratio  by  dis- 
tillation. In  1958  Clusius  and  Schleich  (1)  reported 
that  the  isotope  separation  factor  for  NO  was  several 
times  higher  tiian  for  other  potential  starting  com- 
pounds. A distillation  system  was  developed  by 
Mclnteer  and  Potter  (2)  for  the  separation  of  l4N  at 
greater  than  99%  purity  as  the  low  boiling  fraction 
with  40%  15N  collected  as  the  high  boiling  fraction. 
This  system  has  been  operated  at  Los  Alamos  as  part 
of  the  ICONS  project  since  1963  with  distillation 
units  containing  up  to  40  kg  of  NO.  An  explosion 
occurred  in  January  1975  which  involved  an  esti- 
mated 50  g of  NO  in  one  of  the  product  collection 
traps.  During  the  subsequent  investigation  a limited 
amount  of  information  was  found  indicating  that 
liquid  NO  is  an  extremely  sensitive  explosive. 

The  first  published  paper  was  by  Miller  (3)  in 
1968.  With  static  pressures  of  1 and  3 atm  on  the 
liquid  NO  confined  in  52-mm  diameter  stainless  steel 
tubes,  high-velocity  detonations  were  obtained. 

When  the  static  pressure  was  increased  to  23  atm,  no 
detonation  was  observed.  Ribovich,  Murphy,  and 
Watson  (4)  reported  on  the  explosive  sensitivities  of 
NO,  N2O,  CO,  and  C2H2.  They  observed  high- 
velocity  detonation  in  liquid  NO  confined  in  a 25-mm 


diameter,  Schedule-40  steel  pipe.  The  booster  con- 
sisted of  a 50  g tetryi  charge  with  a 250-mm  long 
Plexiglas  attenuator.  With  the  same  booster- 
attenuator  system  nitroglycerine  propagates  in  the 
low-order  mode. 

Hantel  (5)  confirmed  the  sensitivity  of  liquid  NO 
with  a bullet  impact  test.  A violent  reaction  occurred 
in  a 1.6-mm  wall  thickness,  76-mm  o.d.  stainless  steel 
tube,  254-mm  long  filled  to  a depth  of  100  mm  with 
liquid  NO  when  it  was  struck  by  a .30  cal  bullet 
weighing  5.8  g and  travelling  at  451  m/s  (1480  ft/s). 

In  a similar  test  no  reaction  occurred  with  nitro- 
methane. 

Several  experiments  have  been  performed  to  esti- 
mate the  failure  diameter  and  detonation  velocity  of 
liquid  NO.  These  experiments  provided  information 
on  an  interesting  explosive.  Nitric  oxide  contains 
neither  carbon  nor  hydrogen,  the  only  significant 
products  of  reaction  are  computed  to  be  N2  and 
O2,  (6)  and  there  is  no  mole  change  in  the  reaction. 
The  liquid  range  for  NO  is  109.5  to  121.4  K (-163.6 
to  - 1 5 1 .7°C)  (7).  The  compound  reacts  with  air  to 
form  NO2  which  is  highly  toxic.  Because  of  the  sen- 
sitivity and  toxicity  all  operations  with  the  liquid 
were  performed  remotely  on  the  firing  mound. 
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Previous  workers  transferred  the  NO  from  the  gas 
cylinder  to  the  shot  tube  by  freezing  the  gas  as  a solid 
in  tiie  tube  and  then  allowing  the  solid  to  melt.  To 
reduce  the  possibility  that  the  presence  of  solid  might 
affect  the  results,  transfer  was  accomplished  by  con- 
densing the  liquid  above  the  freezing  temperature.  A 
sight  glass  was  placed  at  a high  point  in  the  system  to 
observe  the  liquid  level  and  to  look  for  gas  bubbles. 
The  sight  glass  was  viewed  with  a remote  controlled 
television  camera  during  the  filling  operation.  The 
temperature  of  the  shot  assembly  was  controlled  by 
injecting  liquid  N2  directly  into  a bath  of  isopentane 
(2-methyl  butane)  which  surrounded  the  shot  tube. 
The  bath  liquid  was  stirred  with  dry  N2  gas.  The 
temperature  for  all  shots  was  controlled  to  1 1 5 ± 1 K 
over  the  length  of  the  charge. 


FAILURE  DIAMETER 

The  failure  diameter  of  liquid  NO  was  estimated 
by  detonating  the  liquid  in  an  assembly  consisting  of 
stainless  steel  tubes  with  the  diameter  decreasing  in 
steps.  Each  step  was  either  10-diameters  long  or  100 
mm,  whichever  was  longer.  'Die  booster  consisted  of 
an  SE-1  detonator,  a 12.7-mm  long  tetryl  pellet  and  a 
25-mm  diameter  X 25-mm  long  PBX-9404  charge 
with  a 2.5-mm  thick  stainless  steel  barrier.  In  the  first  . 
shot  the  inside  diameters  were  22.1,  18.9,  15.8,  12.6, 
9.4,  6.2, 4.6,  and  3.1  mm  with  a 1 .65-mm  wall  thick- 
ness and  is  illustrated  in  Fig.  1 . No  fragments  were 
recovered  from  this  assembly.  The  inside  diameters 
in  the  second  shot  were  6.2, 4.6,  3.1,  1,6,  0.71 , and 
0.25  mm  with  wall  thickness  of  1.65,  1.65,  1 .65, 

0.25, 0.18,  and  0.13  mm  respectively.  The  entire 
length  of  the  3.1 -mm  diameter  tube  was  recovered 
but  no  fragments  of  the  4.6-mm  diameter  tube  were 
found.  A view  of  the  3.1  and  1.6-mm  diameter  tubes 
is  shown  in  Fig.  2.  The  0.7-mm  diameter  tube  was 
ruptured  in  the  same  fashion  as  the  1 ,6-nim  diameter 
tube,  while  the  0.25-mm  diameter  tube  was  not 
bulged.  Detonation  also  occurred  to  the  top  of  the 
liquid  in  the  fill  tube  (a  distance  of  600  mm)  with  an 
inner  diameter  of  4.6-mm  and  a 0.89-mm  wall  thick- 
ness. This  indicates  that  the  failure  at  the  transition 
from  4.6-mm  diameter  to  3.1  mm  was  not  an  effect 
of  the  wall  thickness.  The  burst  strength  of  the  1 .6- 
mm  diameter  tube  was  estimated  to  be  about  0.6 
khar.  These  results  indicate  that  the  failure  diameter 
of  liquid  NO  confined  in  stainless  steel  is  about  4.6 
mm  but  that  a high  pressure  reaction  can  occur  at 
diameters  as  small  as  0.7 1 mm. 


A- A* 


Fig.  1.  Shot  Assembly  for  Estimation  of  Failure 
Diameter  of  Liquid  Nitric  Oxide. 

The  shot  assembly  as  Illustrated  was  immersed  in  a 
bath  of  isopentane  held  at  1 15  K.  The  fill  tube  at  the 
side  was  connected  to  a cylinder  of  gaseous  NO  at  a 
pressure  of  20  atm  ( 300  psi)  and  the  liquid  condensed 
in  the  shot  tube.  The  liquid  level  was  observed 
through  a sight  glass  mounted  above  the  smallest 
tube.  The  booster  was  mounted  in  contact  with  the 
stainless  steel  diaphragm  and  consisted  of  an  SE-1 
detonator,  a 12-mm  long  tetryl  pellet  and  a 25-mm 
diameter  X 25-mm  long  PBX-9404  charge.  The 
length  of  each  segment  was  either  10  times  the  diam- 
eter or  100  mm  whichever  was  longer. 
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FY#  2 Fragments  Recovered  from  Liquid  NO  Test. 

Detonation  propagated  through  segments  of  6.2-  and 
4.6-mm  diameter  and  failed  at  the  transition  to  3.0- 
mm  diameter.  The  1. 6-  and  0. 7 1 -mm  diameter  tubes 
show  evidence  of  a high-pressure  reaction  but  have 
not  been  fragmented  to  the  extent  which  would 
indicate  a high-order  detonation.  No  reaction  was 
indicated  in  the  0.25-mm  tube.  The  initial  length  of 
each  segment  was  100  mm. 


DETONATION  VELOCITY 

The  NO  was  confined  iri  a 25.4-mm  o.d.,  1.6-mm 
wall  thickness  stainless  steel  tube  305-mm  long.  The 
booster  consisted  of  a 25.4-mm  long  X 25.4-mm 
diameter  PBX-9404  cylinder  with  a P-16  planewave 
lens.  The  booster  was  separated  from  the  NO  by  a 
2.5-mm  stainless  steel  barrier.  The  shot  assembly  is 
sketched  in  Fig.  3. 

There  was  some  concern  that  attempting  to  insert 
ionization  pins  directly  into  the  liquid  NO  might  be 
difficult  because  of  leakage  of  the  sealing  glands  at 
the  low  temperature.  An  external  pin  was  developed 
to  eliminate  the  need  for  the  internal  pins.  A detail  is 
shown  in  Fig.  3.  After  brazing  six  small  bosses 
around  the  periphery  of  the  tube  at  each  location  of  a 
pin  the  tube  was  mounted  in  a lathe  and  the  outer 
surface  of  the  bosses  machined  concentric  with  the 
tube.  Small  grooves  were  cut  perpendicular  to  the 


Fig.  3.  Shot  Assembly  for  Measuring  the  Detonation 
Velocity  of  Nitric  Oxide. 

The  NO  was  confined  in  a 25.4-mm  o.d.,  1.6-mm  wall 
thickness  stainless  steel  tube  305-mm  long.  The 
booster  consisted  of  a 25.4-mm  long  by  25.4-mm 
diameter  PBX-9404  cylinder  and  a 40.6-mm  diameter 
planewave  lens  with  a 2.5-mm  stainless  steel  barrier 
between  the  explosive  and  the  NO.  The  booster  was 
isolated  from  the  isopentane  bath  with  foam  insula- 
tion and  a protective  stainless  steel  cylinder.  A heavy 


terminal  end  of  the  NO  shot  vessel. 

The  contact  pin  switch  is  shown  in  detail.  The  small 
bosses  were  welded  in  place,  machined  concentric 
with  the  tube  and  a small  groove  cut  to  hold  the  wire 
in  place.  The  wire  was  Formvar-coated  copper 
0. 18-mm  diameter  which  was  tied  around  the  tube  at 
the  desired  locations.  The  small  springs  were  used  to 
maintain  tension  on  the  wires  as  the  shot  was  cooled. 
The  distance  between  wires  was  measured  with  an 
optical  cathetometer. 
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tube  axis  to  hold  the  pin  wires.  Formvar-coated 
copper  wire  0. 1 8-nun  diameter  were  tied  around  the 
tube  at  each  position  and  held  in  place  with  small 
springs.  The  distance  between  the  wires  was 
measured  with  an  optical  cathetometer. 

The  data  obtained  for  the  detonation  velocity  are 
shown  in  Table  1 . The  average  incremental  velocity 
was  5.62  mm/ps  with  a standard  deviation  of  0.09 
mm/ps  for  a single  measurement.  The  range  in  the 
incremental  velocities  was  5.51  to  5.81  mm/ps  which 
is  larger  than  would  be  expected  for  an  experiment  at 
normal  conditions,  but  docs  not  seem  unreasonable 
for  this  experiment.  The  least-squares  estimate  of 
velocity  was  5.64  mm/ps  with  a standard  deviation  of 
0.0 1 mm/ps.  It  is  generally  accepted  that  the  least- 
squares  procedure  gives  the  best  estimate  of  the 
detonation  velocity  as  compared  to  the  average  incre- 
mental velocity.  The  most  conservative  estimate  of 
the  standard  deviation  is  the  larger  of  the  two  com- 
puted values.  Correcting  the  least;squares  estimate 


for  the  contraction  of  the  stainless  steel  from  298  K 
to  1 1 5 K and  using  the  standard  deviation  of  the 
incremental  values,  the  detonation  velocity  of  liquid 
nitric  oxide  at  1 15  K is  estimated  to  be  5.62  mm/ps 
with  95%  confidence  limits  (7  d.f.)  of  ± 0.07  mm/ps. 

A dent  depth  of  1 .5  mm  was  obtained  in  the  type 
304  stainless  steel  witness  plate  but  the  technique 
used  by  Smith  (8)  to  estimate  the  detonation  pressure 
from  the  depth  of  the  dent  is  questionable  for  this 
experiment  because  the  charge  was  cased  and  the 
stainless  steel  did  not  have  the  same  hardness  as  the 
1018  cold-rolled  steel  used  by  Smith.  An  attempt 
was  made  to  estimate  the  detonation  pressure  of  NO 
from  the  shock-induced  hardness  of  the  witness  plate 
using  a technique  developed  by  Zukas  (9).  However 
the  two-dimensional  character  of  the  shock  and 
rarefaction  waves  in  the  plate  contributed  to  the  hard- 
ness. The  metallurgical  phenomena  associated  with 
these  waves  was  unexpected  and  is  not  yet  under- 
stood. 


TABLE  1 


Detonation  Velocity  of  Liquid  Nitric  Oxide  at  115  K 
P0  = 1.294  g/cc* 


Pin 

Position 

(mm) 

Incremental 

Distance 

(mm) 

Time 

0») 

Incremental 

Time 

(MS) 

Incremental 

Velocity 

(mm/ps) 

0.00 

0.00 

0.000 

0.000 

25.66 

25.66 

4.559 

4.559 

5.628 

50.82 

25.16 

9,130 

4.571 

5.505 

76.29 

25.47 

13.614 

4.484 

5.680 

101.66 

25.37 

18,120 

4.506 

5.630 

127.12 

25.46 

22.502 

4.382 

5.810 

152.16 

25.04 

26.992 

4.490 

5.577 

177.32 

25.16 

31.492 

4.500 

5.590 

202.89 

25.57 

36.093 

4.600 

5.558 

Average 

5.622 

Variance 

8.54  X 10"3 

Standard  Deviation 

0.092 

Least <uares  Fit 

Xfir.m)  * -0.295  + 5.639 t (ps) 

Standard  Deviation  Intercept  = 0.275  mm 

Standard  Deviation  Slope  " 0.0 12  mm/ps 

*G.  H.  Chceiman,  Chum.  Soc.  J.,  pp,  889*90,  (1932) 
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COMPUTED  RESULTS 

During  the  initial  investigation  of  the  liquid  NO 
accident  C.  Mader  (6)  computed  the  detonation  prop- 
erties, which  indicated  the  explosive  potential  of  the 
material.  Since  NO  contained  neither  carbon  nor 
hydrogen,  calculations  using  other  procedures  were 
made  to  obtain  other  numerical  estimates  of  the  deto- 
nation pressure.  The  procedures  reported  by  Smith 
(8)  and  by  Kamlet  and  Jacobs  (11)  are  based  on  the 
average  behavior  of  a large  number  of  CHNO  explo- 
sives. The  BKW  (6)  and  JCZ3  (12)  numerical  proce- 
dures use  equation  of  state  parameters  for  the 
products  to  compute  an  equilibrium  composition  and 
the  detonation  properties.  The  values  obtained  by 
these  procedures  are  presented  in  Table  2.  A density 
of  1 .26  g/cm3  was  used  for  the  JCZ3  computation 
and  the  computed  values  were  adjusted  to  a density 
of  1 .30  g/cm3  as  shown  in  the  table.  All  numerical 
procedures  gave  values  in  the  range  95  to  1 19  kbar 


and  it  seems  reasonable  to  estimate  the  detonation 
pressure  of  NO  at  1 00  kbar. 

CONCLUSIONS 

Liquid  NO  is  a sensitive  explosive  with  a detona- 
tion velocity  of  5.6  ± 0.07  mm/ps  and  an  estimated 
detonation  pressure  of  100  kbar.  The  failure  diam- 
eter in  stainless  steel  confinement  is  greater  than  3.1 
and  less  than  4.6  mm.  In  addition,  a high  pressure 
reaction  can  propagate  at  0.7  mm  diameter.  The 
enthalpy  is  720  cal/g  relative  to  N2  and  O2  products 
at  298  K. 

Any  system  designed  to  handle  liquid  NO  should 
consider  the  explosive  potential  of  the  material.  Also 
the  agreement  among  the  various  calculational  proce- 
dures for  a material  as  unique  as  NO  indicates  the 
value  of  such  procedures  in  assessing  the  potential 
hazards  of  handling  exothermic  materials. 


TABLE  2 


Summary  of  Experimental  and  Computed  Detonation  Properties  of  Liquid  NO 


Pressure 

Velocity 

Mole  Fraction  N2 

(kbar) 

(mm/ps) 

in  Products 

EXPERIMENT 

This  paper 

1.294 

100±  15 

5.62  ± 0.07 

Ribovich,  ct  al.,  Ref.  (4) 

1.30 

5.4 

— 

Miller,  Ref.  (3) 

1.22 

5.1 

CALCULATED 

Smith,  Ref.  (8) 

P = 0.2582p0D2 

Kamlet,  Ref.  (11) 

1.29 

105 

- 

P=Kp024> 

D=  1.01  (1  + 1.30p0)^V2 

1.29 

119 

5.98 

0.50 

= NM 1/2Q1/2  = 4.899 

N = moles  gaseous  detonation  products/g  of  explosive  = 0.033 

M = average  molecular  weight  of  gaseous  products  = 
Q = cal/g  of  detonation  reaction  = 720  cal/g 

30. 

K = 15.58  NM  0.93 

14.65  NM  > 0.93  (This  value  was  used  for  the  above  computations) 

Mader  BKW,  Ref.  (6) 

1.30 

106 

5.61 

0.498 

Lee  JCZ3,  Ref.  (12) 

1.26(1.30)* 

88  (95) 

5.38  (5.51) 

0.482 

•Adjusted  for  density,  dD/dp  * 3.2  (mm/as)/(g/cm3),  P * pQD2/(y  + 1) 
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CHARACTERIZATION  OF  COMMERCIAL,  COMPOSITE  EXPLOSIVES* 
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We  have  Investigated  the  explosive  performance  of  a number  of  commercial  blasting 
agents.  We  have  determined  EOS  detonation  parameters  for  a typical  dynamite, 
aluminized  and  non-aluminized  blasting  agents,  and  ammonium  nitrate] fuel  oil 
(ANFO).  This  investigation  also  included  nltromethane /oxidizer  systems  including 
several  with  aluminum.  The  time  dependent  properties  In  the  detonation  of  several 
of  these  explosive  materials  were  investigated.  For  some  explosives  we  were  able  to 
determine  the  magnitude  of  charge  geometry  required  In  order  to  neglect  the  time 
dependence  and  to  achieve  maximum  performance.  For  example,  we  determined 
the  charge  geometry  required  to  achieve  maximum  detonation  performance  from 
ANFO.  For  some  explosives  we  were  able  to  assign  EOS  coefficients  suitable  for 
specific  applications.  Some  aspects  of  the  time  dependent  behavior  of  composite 
explosives  are  discussed. 


INTRODUCTION 

Commercial  blasting  agents  arc  being  used  in  many 
research  and  development  programs.  These  applica- 
tions include:  investigations  of  controlled  blasting  for 
construction;  studies  of  cratering  phenomena;  blast 
wave  effects  on  structures;  explosive  fabrication;  and 
energy  and  mineral  resource  recovery  projects.  Com- 
mercial blasting  agents  (CBAs)  are  primarily 
ammonium  nitrate  based  systems.  They  are  attractive 
for  these  projects  because  they  arc  low  in  cost,  safe  to 
handle,  easy  to  load  and  have  unique  detonation 
properties.  Since  these  experimental  programs  arc 
often  closely  coupled  with  theoretical  studies  aimed 
toward  predictive  models,  accurate  equation-of-statc 
descriptions  are  required  for'these  CBAs. 


COMPOSITE  PERFORMANCE 

CBAs  are  also  known  as  slurry  blasting  agents.  In 
general,  these  CBAs  arc  multicomponent  systems  with 
sensitizers  added  sometimes  and  arc,  therefore,  also 
called  composite  explosives.  To  a lesser  or  greater 
extent,  depending  on  the  particular  explosive,  fuel 
and  oxidizer  are  physically  separated  phases,  usually 
as  fine  particulates,  They,  therefore,  deviate  in  their 
detonation  behavior  from  most  homogeneous  or 
“ideal”  high  explosives  since  the  zone  in  which  the 
energetic  reactions  take  place  is  generally  much  larger 
than  for  "ideal”  explosives.  The  CBAs  and  their 
“non-ideal”  detonation  performance  characteristics 
provide  low  detonation  velocity  explosives  for  explo- 
sive welding  and  impedance  matching  in  rock  blasting. 


•This  work  was  performed  under  the  auspices  of  the  U.S.  Energy  Research  St  Development  Administration,  under  Contract  No. 
W-7405-Eng-48. 


This  latter  application  is  especially  attractive  when 
coupled  with  a large  chemical  energy  impulse. 

Because  of  the  heterogeneous  nature  of  theso 
CBAs,  compositional  and  density  variations  often 
plagued  our  characterization  efforts.  For  example, 
one  manufacturer  injected  gas  to  cross-link  the  binder 
systems  and  ucratc  the  explosive  to  assure  initiation. 
This  resulted  in  the  growth  of  the  CBA  out  of  our 
hydrodynamic  test  fixtures,  und,  of  course,  a con- 
siderable density  change.  Another  manufacturer 
claimed  that  detonation  velocity  (D)  versus  diameter 
was  fairly  constant  unlike  most  CBAs,  However,  in 
our  tests,  we  observed  a significant  dependence  of  D 
on  the  charge  diameter. 


EXPLOSIVES  INVESTIGATED 

The  array  of  CBAs  chosen  for  performance  evalua- 
tion involvod  several  criteria,  including:  reliable, 
reproducible,  and  predictable  performance;  truly 
representative  commercial  explosives;  and  special 
performance  characteristics.  For  example,  this  latter 
property  includes  the  ability  to  propagate  In  small 
diameters  for  laboratory  rock  fracture  studies, 
TFLF.DLiT;  and  rheologic  properties  that  allow  pour- 
ing, POURVliX.  In  many  cases  the  exact  composi- 
tions of  the  explosives  evaluated  are  proprietary. 
Overall,  over  350  CBAs  were  reviewed  in  our  survey 
( I ).  The  explosives  we  evaluated  for  detonation 
performance  are  listed  in  Table  1 . Only  generalized 
descriptions  arc  provided  for  commercial  composi- 
tions. 


DETONATION  PERFORMANCE 

We  used  three  kinds  of  hydrodynamic  experiments 
to  evaluate  the  performance  of  the  commercial  blast- 
ing agents  investigated.  These  are  depicted  in  Fig.  1 . 
We  chose  a convenient  version  of  the  “sphere"  test 
similar  to  the  one  described  by  Wilkins  (2)  to 
emphasize  the  early  expansion  history  of  the  detona- 
tion products.  The  cylinder  test  (3)  was  used  to 
characterize  the  isentropic  expansion  in  an  inter- 
mediate time  range.  To  accurately  portray  the  very 
late  time,  large  expansion  portion  of  the  isentrope, 
we  performed  studies  on  an  underwater  "sphere"  test. 
In  our  terminology,  the  "sphere"  tost  has  a hemi- 
spherical cap  and  a cylindrical  body  as  depicted  in 


Fig.  2.  This  variation  of  a truly  one-dimensional 
sphere  was  required  to  allow  loading  of  hydro  con- 
tainers with  golled  slurry  blasting  agents.  The  point 
of  initiation  is  the  center  of  the  hemispherical  portion 
and  the  radial  expansion  of  the  hemisphere  is  moni- 
tored optically.  We  performed  tests  in  scaled 
geometries  for  these  composite  explosives  to  qualita- 
tively determine  their  time  dependent  detonation 
behavior.  The  sphorical  and  cylindrical  tests  were 
performed  in  several  scaled  sizes  in  order  to  assess  the 
effect  of  delayed  combustion  typical  of  these 
explosives. 


plate  Cylinder  Impulse 

I ...  a J 1 I 1 I > i ■ i 

0 0.01  0.1  1 10  100 

Time  for  energy  release  - ms 

big.  I.  Explosives  performance  is  determined  by 
hydrodynamic  tests  chosen  to  enhance  specific 
regions  of  isentropic  expansion. 


Low- density 


Detonator 


Fig.  2.  Sphere  and  booster  assembly  for  ILL  203- 
and  406-mm-diameter  spherical  tests. 
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TABLE  I 


Explosives  Systems  Studied  to  Determine  Performance  of  Commercial,  Composite  Explosives .a 


Name 

Densityb 

g/cc 

Mfr. 

Composition 

Sensitizer 

Aluminum 

H20 

Carbonaceous 

Materials 

Ammonium 

Nitrate 

2nd 

Oxidizer 

ANFO 

Gulf 

X 

X 

DBA  65-T2 

IRECO 

X 

X 

X 

X 

X 

X 

POURVEX 

1.36 

DuPont 

X 

X 

X 

X 

X 

EL-836 

1.52 

DuPont 

X 

X 

X 

X 

X 

X 

UNIGEL 

1.28 

Hercules 

X 

X 

X 

X 

TELEDET 

1.36 

Telcdyne 

X 

X 

X 

X 

AQUANAL 

1.43 

ATLAS 

X 

X 

X 

X 

RX-30-AA 

1.52 

LLL 

AP(5m)-60,8 

NM-38,0 

Guar  1 .2 

AB 

1.51 

AP(200/liK>1.1 

NM-37.9 

Guar  1 .0 

AC 

1.53 

KP(5^)-47,6 

NM-50.8 

Guar  1.6 

AD 

1.53 

KP(200jU)-47.1 

NM-51.3 

Guar  1.6 

AE 

1.42 

AN(9/i)-S7.9 

NM-40.8 

Guar  1 .3 

AF 

1.42 

AN(19/i)-57.9 

NM-40.8 

Guar  1.3 

RX-31-AA 

1.47 

AN(9/i)-28.8 

NM47.0 

A«(fino)-22.8 

Guar  1.4 

AB 

1.41 

AN(9p)43.2 

NM-47,0 

AK(flnc)-  8.3 

Guar  1.5 

al)cilgnatlon»  include:  AN  » ammonium  nitrate,  A I’  ■ ammonium  perchlorate,  NM  ■ nitronicthunc  and  KP  " potassium 
perchlorate. 

^Thls  represents  nominal  densities. 


NON-ALUM1NIZED  CBAs 
ANFO 

In  the  class  of  explosives  wc  have  designated  as 
non-aluniini/.ed  CBAs,  ANFO,  u specially  prepared 
(prilled)  ammonium  nitrate/fuel  oil  composite  is  of 
special  interest.  It  exhibits  remarkable  extremes  of 
explosive  performance  as  a function  of  composition 
and  charge  size.  Yet  it  can  be  made  reproducible  If 
formulation  parameters  arc  closely  controlled.  Wc 
have  made  accurate  measurements  on  ANFO  detona- 
tion performance  in  a wide  range  of  charge  sizes.  For 
these  reasons,  plus  its  great  importance  as  a commer- 
cial blasting  agent,  we  will  dedicate  some  extra  space 
and  treat  ANFO  as  a general  example  of  the  class  of 
non-aluminized  explosives. 

ANFO,  the  most  widely  used  commercial  blasting 
agent,  is  comprised  of  94  wt%  ammonium  nitrate  and 
6 wt%  fuel  oil.  ANFO’s  detonation  performance  is 
influenced  by  a number  of  variables.  Its  detonation 
velocity  increases  with  increasing  density  within  the 


density  range  of  interest  and  application  and  also 
increases  with  greater  charge  diameters  up  to  about 
270  mm,  after  which  ANFO’s  performance  with 
respect  to  diameter  Is  “ideal.”  The  detonation 
velocity  and  energy  are  strongly  influenced  by  the 
fuel-oil  percentage.  Both  of  these  parameters  reach  a 
maximum  at  5.8%  and  then  dccrcusc  more  gradually 
Above  12%,  ANFO  will  not  detonate. 

We  established  the  minimum  ciiurgc  size  needed 
for  optimum  “Ideal”  ANFO  performance  by  perform- 
ing 5 1 -,  1 02-,  and  292-mm  cylinder  tests  and  by  also 
monitoring  the  performance  with  in  situ  gauges  of  a 
109-tonnc  shot.  We  also  did  203  and  406-mm 
“sphere”  shots  in  air  and  a 203-mm  “sphere"  test 
under  water.  Full  details  arc  given  in  Ref,  (4). 

Briefly,  we  summarize  the  results  in  Table  2 in  terms 
of  ANFO  composition,  density,  detonation  velocity, 
and  detonation  pressure.  The  detonation  velocities 
were  obtained  using  conventional  electronic  pin- 
switch  techniques  (5)  and  detonation  pressure  was 
determined  using  the  axially  symmetric  magnetic 
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TABLE  2 


ANFO  Compositbn,  Density,  Detonation  Velocity,  and  Detonation  Pressure  Results 


Test 

ANFO  Charge 
kg 

Fuel  Oil 

% 

Density** 

g/cm3 

Detonation 

Velocity 

km/s 

Detonation 

Pressure 

GPa 

Metal-acceleration  tests 

mm 

51  mm  cylinder 

0.55 

5.8 

Wmm 

3.25 

- 

102  mm  cylinder 

7 

5.2 

3.89 

■- 

292  mm  cylinder8 

104 

6.0 

mSmm 

4.56 

- 

292  mm  cylinder 

104 

5.8 

0.82 

4.55 

5.50 

203  mm  hemisphere8 

5 

5.2 

0.78 

- 

- 

203  mm  hemisphere 

5 

5.8 

0.87 

2.74 

- 

(underwater) 

406  mm  hemisphere8 

40 

5.2 

0.78 

- 

- 

Prc'Dice  Throw 

field  test 

109  tonnes 

5.8 

0.84 

4.74 

6.14 

“Test  terminated  prematurely. 

^Because  of  the  variation  of  densities  observed,  we  adjusted  detonation  parameters  to  the  nominal  dentity  of  0.85  g/cc. 


probe  technique  (6).  As  can  be  seen  in  Fig.  3,  our 
measured  detonation  velocities  arc  in  good  agreement 
with  published  data  (7)  (8). 

The  iscntropic  expansion  data  is  represented  in 
Figs.  4, 6,  and  7.  In  Fig.  4,  we  show  the  wall  versus 
radial  expansion  for  51*,  102-,  and  292-mm  ANFO 
cylinder  shots.  Allowing  for  a density  correction,  the 
102-mm  and  292-mm  data  are  almost  identical.  Wall 
motion  calculated  with  a 2D  hydrocodc  and  JWL 


Fig,  3.  Detonation  velocity  data  from  LLL  cylindri- 
cal testa  and  the  1 09-tonne  field  tests  as  a function  of 
charge  diameter.  These  data  agree  well  with  manu- 
facturer's information. 


ANFO  parameters  from  Table  3 is  also  shown.  The 
51 -mm  test  showed  severe  striations  in  the  wall, 
which  arc  characteristic  of  a detonation  wave  propa- 
gating near  failure  (see  Fig.  5). 

The  radial  expansion  of  ANFO  “spheres”  fired  in 
air  and  under  water  is  shown  in  Fig.  6.  The  two 
spherical  tests  in  air  terminated  abruptly,  We  believe 


Fig.  4.  Cylinder  test  wall  velocity  vs  radial  expansion 
(R  - R0)  scaled  to  a 25-mm  cylinder.  If  the  density 
(p)  of  the  102-mm  and  292-mm  charges  had  been  the 
same,  their  curves  would  have  been  virtually  identical. 
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that  early  breakup  of  the  metal  was  caused  by 
ANFO’s  heterogeneous  nature.  Crushing  of  tile  prills 
and  microjctting  as  the  shockwave  progressed  into 
the  relatively  thin  aluminum  ease  caused  the  pre- 
mature breakup.  The  underwater  spherical  test  fared 
much  better,  providing  considerably  more  data  than 
the  air  shots.  This  is  due  partly  to  damping  of  the 
metal  motion  in  water.  The  far  Held  pressure  data 


Fig,  .5.  5 1 -mm  AN  Ft)  cylindrical  test  shows  unusual 
st railed  failure  pattern, 


from  the  underwater  test,  big.  7,  arc  in  fair  agreement 
with  the  response  predicted  using  the  liOS  described 
below. 

The  detonation  pressures  from  the  292-tnm- 
diameter  cylindrical  test  and  the  109-tonne  field  test 
were  in  good  agreement.  We  were  also  able  to 
determine  from  the. magnetic  probe  data,  see  Fig.  8, 
that  the  ANFO  reaction-zone  thickness  is  approxi- 
mately 4 mm  to  6 mm,  as  compared  with  1 2 mm  to 


Fig,  6.  Hemisphere  expansion  data  for  air  and  under- 
water tests  of  ANFO.  Because  the  experiment  holds 
together  longer  in  water,  underwater  testing  can  pro- 
vide valuable  far-fleld  (late-time)  Information  not 
obtainable  from  air  testing. 


TABLF  3 


Equation  of  State  l\iramcters  For  Explosives  Cited 


C-J  Parameters 

JWL-EOS  Coefficients 

P 

Mbar 

D 

cm/iisec 

E(> 

Mb’cc/cc 

P 

g/cc 

r 

B 

D 

C 

Ri 

r2 

CO 

ANFO 

0.465 

2.063 

0.4760 

.00524 

.00720 

3.5 

.9 

.31 

POURVEX 

.130 

0.610b 

.0450 

1.360 

2.893 

3.2207 

.07769 

.00324 

4.7 

1.4 

.16 

EL-836 

.135 

0.579a 

.0920 

2.775 

2.8123 

.02507 

.01445 

4.5 

1.1 

.20 

DBA-65-T2 

0.540a 

■ 

1.520 

2.694 

2.1467 

.02157 

.01295 

4.3 

1.4 

.20 

UNIGEL 

.120 

0.576a 

1 

1.262 

2.490 

1.9070 

.07580 

.00627 

4.4 

1.4 

.23 

TELEDET 

.150 

0.652 

.0410 

1.360 

2.854 

3.0409 

.05804 

.00347 

4.3 

1.5 

.20 

AQUANAL 

.055 

0.370« 

.0550 

1.430 

2.559 

0.9123 

.00407 

.00746 

4.4 

1.0 

.16 

“These  are  not  D„  values.  The  IX) S repreaents  the  behavior  in  the  largest  charge  size  tested  in  this  work. 
bSee  Fig.  9.  Isentropic  expansion  for  51  and  102  mm  POURVEX  shots  were  Identical;  therefore,  detonation  velocities  were 
averaged. 
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16  mm  calculated  by  the  detonation  velocity  versus 
diameter  dependence  using  Eyrings’  curved  front 
theory  (9). 

OTHER  NON- ALUMINIZED  CBAs 

In  Fig.  9,  we  show  the  relative  isentrope  energies 
determined  from  cylinder  tests  for  several  non- 


Dlstance  from  center  of  detonation  - mm 

Fig.  7.  Comparison  of  calculated  and  experimental 
far  field  shock  wave  data  from  203-mm  underwater 
"sphere"  test  of  ANFO. 


Fig.  8.  Magnetic  probe  record  depicting  the  particle 
motion  of  ANFO. 


aluminized  commercial  blasting  agents.  The 
materials  are  compared  to  nitromethane  in  all  cases, 
and  ANFO  is  cited  again  for  reference.  Detonation 
velocities  determined  for  each  diameter  are  also  cited. 
The  behavior  of  TELEDET  and  POUR  VEX  in 
isentropic  expansion  is  very  similar  to  “ideal”  or 
“high”  explosives.  However,  only  Telcdct  appears  to 
act  as  an  “ideal”  explosive  in  terms  of  detonation 
velocity. 


ALUMINIZED  BLASTING  AGENTS 

The  performance  of  several  aluminized  CBAs  was 
measured  in  cylinder  shots.  The  relative  isentropic 
energy  of  EL  836,  DBA  6ST2,  and  AQUANAL  com- 
pared to  nitromethane  is  shown  in  Fig.  10.  We  can 
see  that  scaling  laws  do  not  hold  for  the  one  system, 
EL-836,  where  we  have  two  scaled  geometries. 
Further  evaluation  of  these  types  of  materials  in 
hydrodynamic  underwater  tests  is  planned. 


Cylinder  axpenslon  (R-RQ)  - wn 

Fig.  9.  Relative  energy  of  non-aluminized  blasting 
agents. 
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Fig.  10.  Relative  energy  of  aluminized  blasting 
agents. 


NITROMETHANE/AMMONIUM  NITRATE  (AN) 

In  this  section  and  those  below  we  describe  experi- 
ments that  attempt  to  provide  data  of  a fundamental 
nature  on  the  performance  of  composite  explosives. 
We  studied  variations  in  the  type  and  the  particle  size 
of  the  oxidizer.  For  these  experiments  we  chose  a 
very  simple  chemical  system,  a dctonable  homogene- 
ous, under-oxidized  fuel-nitromcthane-as  the  host 
matrix.  We  then  added  oxidizers  which  have  one, 
two  or  four  excess  oxygens  available  for  further 
reaction  with  the  under-oxidized  NM.  All  systems 
were  stoichiometrically  balanced  as  close  as  possible 
to  H2O  and  CO2.  In  the  case  of  fine  particle 
ammonium  nitrate  (AN)  we  were  only  able  to 
balance  to  H2O  and  CO1.5.  The  oxidizers  were 
suspended  uniformly  in  NM  with  the  aid  of  a gelling 
agent. 

In  Fig.  1 1 we  show  the  effect  of  AN  particle  size 
in  terms  of  isentropic  expansion  compared  to  nitro- 
methane.  Since  the  spread  in  particle  diameter  of  AN 
was  not  large  (9  Mm  - 19  Mm),  the  particle  size  effect 


Fig.  11.  Relative  energy  of  RX-30-AE  and  AF. 


is  small.  It  may  also  be  attributed  to  the  fact  that 
only  one  excess  Oxygen  is  available. 

NH4NO3  N2  + 2H20  + 0. 

Thus  it  makes  a relatively  small  contribution  to  the 
energetics  of  the  system.  Nevertheless,  the  9 ,um  com- 
position shows  less  charge  diameter  effect  on 
performance  than  the  19  Mm.  This  is  also  shown  in 
the  diameter  effect  on  detonation  velocity. 


NITROMETHANE/AMMONIUM 
PERCHLORATE  (AP) 

A large  effect  due  to  particle  size  is  seen  in  the 
relative  isentrope  energies  depicted  in  Fig.  1 2.  The 
5 Mm  AP  shows  essentially  no  geometry  dependence 
on  performance,  However,  the  200  Mm  AP  shows  a 
considerable  charge  diameter  effect  In  25,  51 , and 
102  mm  cylinders  compared  to  nitromethane.  We 
note  the  effect  of  charge  configuration  in  Fig.  13. 
The  wall  velocity  vs  sphere  expansion  for  the  two 
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Fig.  12.  Relative  energy  of  RX-20-A  A and  AB. 
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Sphere  expansion  (R-RQ)  - am 

fig.  13.  Wall  velocities  for  nltromethane/ammonlum 
perchlorate  explosives  (RX-30-AA  and  AB)  in  sphere 
tests.  ANFO  Is  shown  for  comparison. 


different  particle  size  AP  systems  in  two  scaled 
“sphere”  tests  are  given.  The  charge  size  effect  is 
significant  even  for  the  5 pm  AP  system.  In  the 
sphere  test  the  ratio  of  mass  of  explosive  to  mass  of 
metal  confinement  is  much  larger  than  in  the  cylinder 
test.  This  accentuates  the  influence  of  the  outer 
layer  of  detonation  products  on  the  performance. 


NfTROMETHANE/POTASSIUM 
PERCHLORATE  (KP) 

Potassium  perchlorate  is  a non-detonablc  oxidizer 
so  that  its  participation  in  the  detonation  reaction 
must  be  heavily  dependent  on  diffusion.  NM/KP 
relative  isentrope  energies  are  shown  in  Pig.  i 4 com- 
pared to  NM  and  as  a function  of  KP  particle  size  and 
charge  diameter.  The  KP  must  decompose  and  the 
oxygen  diffuse  and  react  with  the  undcroxldized 
detonation  products  of  NM.  Interestingly  the  200  /mi 
KP  and  AP  have  virtually  indistinguishable  iscntropic 
expansion  In  the  25  mm  cylinder  test.  This  suggests 
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Fig.  14.  Relative  energy  of  RX-30-AC and  AD. 
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that  in  this  size,  AP  and  KP  have  decomposed  to  pro- 
vide gaseous  products  but  have  not  contributed 
energy  to  the  system  by  reacting  with  the  NM 
products.  Also,  the  200  nm  KP  shows  the  same 
detonation  velocities  in  the  25  and  51  mm  cylinder 
tests  but  a fairly  large  difference  in  isentrupe  energies. 
In  fact,  although  the  200  pm  AP  shows  some  change 
in  detonation  velocity  with  diameter  its  nominal 
velocity  is  about  the  same  value  as  the  200  pm  KP 
system.  The  5 pm  KP  system  in  25  and  51  mm 
cylinder  tests  indicate  that  the  KP  has  fully  reacted. 


NITROM  ETHANE/AMMONIUM 
NITRATE/ALUMINUM 

We  tested  the  effect  of  aluminum  in  a NM/AN  sys- 
tem, choosing  a nominal  10.  and  25.  wt%  of  A1  as 
representing  the  extremes  of  A1  concentration.  Prac- 
tical mixing  considerations  changed  this  to  8.3  and 
22.8%.  The  relative  isentrope  energies  of  these  sys- 
tems are  compared  to  NM  in  Fig.  1 5.  The  non- 
alumlnizcd  NM/AN  system  is  also  shown. 
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EQUATION  OF  STATE 


A most  simple  and  useful  way  of  summarizing  the 
detonation  performance  of  an  explosive  is  by  means 
of  an  equation  of  state  (EOS).  It  is  important  to  keep 
in  mind  the  basic  limitations  on  this  procedure.  Also, 
for  an  empirical  EOS  such  as  JWL  which  is  used  here, 
some  additional  experimental  quantities  are  required. 

Although  certain  carefully  applied  compromises  are 
often  useful  a detonation  product  EOS  can  properly 
be  applied  only  to  equilibrium,  self-similar  flow 
behind  the  detonation  front.  This  is  equivalent  to 
what  we  have  somewhat  loosely  referred  to  as  “ideal” 
behavior  and  have  more  precisely  described  as  con- 
forming to  scaling  laws.  The  preceding  sections  have 
attempted  to  analyze  the  degree  to  which  each 
explosive  conformed  to  these  criteria.  The  experi- 
ments were  guided  by  a desire  to  determine  the 
magnitude  of  charge  diameter  above  which  these 
criteria  arc  satisfied.  We  have  additionally  indicated 
in  our  summary  of  equation  of  state  coefficients, 

Table  3,  where  some  significant  concerns  about  these 
criteria  still  remain. 

The  most  useful  function  of  the  detonation  pro- 
duct EOS,  of  course,  is  to  describe  the  energy  output 
during  isentropic  expansion.  To  specify  an  initial 
point  on  the  isentropic  path,  we  use  the  Chapman- 
Jouget  state  (i.c.,  the  detonation  parameters).  To 
determine  the  magnitudes  for  pressure  and  energy  as 
a function  of  volume  on  this  isentrope  (this  primarily 
determines  the  equation  of  state  coefficients)  we  use 
the  cylinder  and  sphere  test  data.  Wc  have  described 
in  earlier  papers  how  the  coefficients  are  evaluated  by 
successive  approximation  using  hydrodynamic  com- 
puter codes  to  simulate  the  expansion  experiments. 

The  quantity,  E0,  represents  the  total  available 
internal  energy  for  a particular  isentrope  and  is,  like 
the  detonation  velocity  and  pressure,  a detonation 
parameter.  We  have  estimated  the  value  of  E0  by 
calculating  the  total  chemical  energy  available  and  by 
comparison  with  experimental  results  from  detona- 
tion calorimeter  experiments.  The  detonation 
calorimetry  and  the  chemical  calculations  for  explo- 
sives containing  Carbon,  Hydrogen,  Nitrogen,  Oxygen, 
and  Fluorine  have  been  described  elsewhere.  (10)  i 

Explosives  containing  large  amounts  of  Aluminum 
present  a special  problem.  The  temperature  and  the 
energy  in  the  products  from  the  detonation  of  highly 
aluminized  explosives  is  considerably  higher  than  for 

i 
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nonalumini/.ed  explosives.  However,  the  pressures  are 
generally  lower  at  or  near  the  C-J  state.  As  a result 
the  entropy  is  higher  and  a larger  fraction  of  the 
energy  remains  in  the  gas  and  in  the  solid  particulate 
aluminum  oxide  even  for  large  expansions  where  the 
pressure  has  decreased  by  several  decades  from  the 
C-J  value.  The  adjustment  of  the  calculated  to  the 
“effective”  E0  can  thus  be  somewhat  greater  than  for 
non-aluminized  explosives.  In  this  report  we  have 
used  some  empirical  rules  derived  from  experience  in 
blasting  and  in  air  shock  experiments  to  adjust  E0. 

We  have  used  an  effective  energy  similar  to  the 
available  work  function,  A,  described  by  Cook  (1 1) 
and  the  total  expansion  work,  E^,  coined  by  Noren 
and  Porter  ( 1 2).  Our  preliminary  experiments  in 
underwater  sphere  tests  were  in  response  to  what  we 
view  as  much  needed  improvement  in  the  capability 
for  evaluating  the  behavior  of  these  explosives  at 
large  expansions. 


SUMMARY  AND  CONCLUSIONS 

The  work  reported  here  summarizes  our  effort 
thus  far  in  diagnosing  some  “practical”  composite 
explosive  systems  and  in  studying  what  we  believe  to 
be  crucial  variables  in  some  “exploratory”  or  model 
systems.  At  the  outset  we  believed  it  was  possible  to 
understand  and  predict  the  behavior  of  these  formula- 
tions based  upon  the  chemical  composition  and  upon 
the  particulate  subdivision  of  “fuel”  and  “oxidizer.” 
We  now  recognize  two  areas  where  significant  addi- 
tional theoretical  and  experimental  work  is  needed. 

The  first  is  the  development  of  a reaction  zone 
model,  in  contrast  to  a C-J  model,  which  will  provide 
a realistic  and  useful  description  for  blasting  explo- 
sives utilized  in  “small”  charges,  such  as  small 
diameter  bore  holes.  Lower  pressures  and  in  some 
cases  lower  velocities  are  of  great  practical  use.  Our 
procedures  at  present  for  predicting  the  hydro- 
dynamic  response  in  such  configurations  consist  of 
various  compromises. 

The  second  need  is  to  develop  experimental 
methods  which  will  yield  precise  measurements  of  the 
expansion  of  detonation  products  to  large  volumes. 

In  many  blasting  applications  the  pressure  in  the 
explosive  products  can  be  effective  as  long  as  it 
exceeds  the  overburden  pressure  of  the  material  being 
moved.  Such  pressures  can  be  as  small  as  20 


atmospheres.  Our  present  methods  of  measurement 
are  limited  to  pressures  approximately  1 .5  decades 
higher  than  this. 
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THE  EQUATION  OF  STATE  AND  SHOCK  INITIATION  OF  HNS  II 
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The  Hugoniot  and  effective  Gruneisen  parameter  of  unreacted  HNS  II  and  its  shock 
sensitivity  to  initiation  were  measured  using  plate  impact  and  electron  beam  tech- 
niques. 

The  Hugoniot  of  HNS  II  compacted  to  the  indicated  densities  was  found  to  be 
Us  = 3.48  Up  + 1.10  km/s  p = 1.47 Mg/m3  a < 3.0  GPa 
and 

Us  = 1.93  Up  + 1. 98  km/s  p = 1.58  Mg/m3  a < 3.5  GPa 

A t stresses  below  0. 1 GPa,  the  effective  Gruneisen  parameter  of  HNS  II  was  less 
than  0.1. 

The  variations  in  shock  sensitivity  of  HNS  II  were  found  to  be  small  over  the 
limited  ranges  of  density  and  temperature  examined.  In  long  pulse  (2ps)  experi- 
ments, no  evidence  of  reaction  was  detected  for  either  density  at  stresses  < 1.7  GPa. 
Above  3.5  GPa,  stable  detonation  was  established  for  propagation  distances  of 
<7.5  X W4  m. 

In  short  pulse  experiments,  the  initiation  thresholds  for  the  two  densities  were 
asses'  :d  at  room  temperature  and  127° C. 


INTRODUCTION  and  its  initiation  sensitivity.  This  study  measured 

these  data  for  two  typical  compaction  densities. 


Hexanitrostilbene,  HNS,  is  a secondary  explosive 
being  used  in  many  missile  and  space  applications  be- 
cause of  its  relative  stability  at  elevated  temperatures. 
To  assess  the  respor-e  of  the  explosive  to  the  varied 
environments  of  those  applications,  it  is  necessary  to 
characterize  the  equation  of  state  of  the  explosive 


EXPERIMENTAL  METHOD 


The  Hugoniot  and  the  effective  Gruneisen  parame 
ter  uf  HNS  11  was  measured  at  room  temperature  for 
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two  compaction  densities.  The  shock  initiation  sensi- 
tivities of  these  compactions  for  two  stress  wave  dura- 
tions (~  2 /is  and  100  ns)  were  evaluated  for  room 
temperature  conditions  and,  in  addition,  the  short- 
pulse  sensitivities  were  estimated  at  127°C.  All  tests 
were  conducted  under  vacuum  conditions  of  approxi- 
mately 5 Pa. 

HUGONIOT  MEASUREMENTS 

The  Hugoniot  and  long-pulse  initiation  threshold 
of  HNS  11  was  measured  using  the  gas  gun  plate  im- 
pact technique,  developed  by  Davies  et  al.  (1).  The 
method  has  the  advantage  of  measuring  simultane- 
ously both  the  impact  stress  profile  generated  in  the 
explosive  and  the  transmitted  stress  profiles  at  various 
propagation  distances.  This  provides  two  independ- 
ent sources  of  data  from  which  the  Hugoniot  can  be 
derived  as  well  as  several  parameters  which  are  sensi- 
tive measures  of  reaction  in  the  explosive. 

The  test  setup  is  shown  in  Fig.  1 . The  HNS  is  im- 
pacted by  an  aluminum  flyer.  The  HNS  II  test  speci- 
mens were  pressed  in  2024  aluminum  alloy  cups;  pel- 
let densities  were  1.47  ± 0.03  Mg/m3  and  1 .58  ± 0.03 
Mg/m3  which  are  84  and  91%  of  theoretical  density. 

Each  piezoresistive  gage  was  laminated  between  a 
0.75-mm-thick  disk  in  front  and  a 6.3-mm  disk  in 
back  and  bonded  with  expoxy.  The  four  rear  surface 
gages  used  Plexiglas  disks  in  the  gage  assembly  to 
minimize  the  impedance  mismatch  with  the  HNS, 
while  the  center  gage  was  laminated  between  alumi- 
num disks  to  match  the  flyer  and  support  disk  mate- 
rials. The  transmitted  stress  gage  assemblies  were 
bonded  to  the  exposed  HNS  surface  using  an  adhesive 
bend  of  3M-3532  urethane  cement  which  was  esti- 
mated to  be  less  than  0.06-mm  thick. 

The  two  methods  of  determining  a point  on  the 
Hugoniot  which  were  used  in  this  study  are  illustrated 
in  Fig.  2.  In  the  first,  the  stress  in  the  HNS  was  meas- 
ured directly  using  the  impact  gage,  and  the  particle 
velocity  was  calculated  using  a known  aluminum 
Hugoniot  (2)  and  the  measured  impact  velocity.  In 
the  second  method,  the  transit  measurements  were 
used  to  calculate  the  average  shock  velocity  in  the  ex- 
plosive. This  velocity  then  defines  the  Rayleigh  line, 
which  intersects  the  reflected  aluminum  Hugoniot  at 
a point  on  the  HNS  Hugoniot.  The  location  of  the 
reflected  aluminum  Hugoniot  is  defined  by  the  meas- 
ured impact  velocity. 


The  transmitted  stress  gages  actually  measure  the 
stress  in  the  Plexiglass  surrounding  the  gage.  The 
stress  in  the  HNS  was  calculated  using  standard  im- 
pedance matching  techniques. 


INITIAL  THRESHOLD  MEASUREMENTS 

The  shock  initiation  threshold  of  HNS  II  was  de- 
termined for  both  2-ms  and  0.1 -us  pulse  durations. 
The  Hugoniot  experiments  also  provide  initiation 
threshold  data.  The  transmitted  stress  for  each  sam- 
ple thickness  was  compared  to  the  impact  stress  and 
an  increase  in  stress  in  the  sample  taken  to  indicate 
reaction.  To  some  degree,  the  rise  time  of  the  trans- 
mitted stress  was  used  to  verify  detonation.  In  addi- 
Uon,  the  fit  of  the  Hugoniot  dita  point  derived  from 
the  impact  stress  data  to  the  Hugoniot  determined 
from  the  lower  stress  points  is  used  as  a measure  reac 
tion.  The  average  shock  velocity  from  transit  time 
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measurements  was  compared  to  the  expected  shock 
velocity  and  the  expected  detonation  velocity  in  an- 
other test  for  initiation. 

The  short-pulse  shock  sensitivity  was  also  deter- 
mined by  plate  impact  experiments  performed  in  the 
Boeing  Company’s  2.5-in.  gas  fun.  In  these  tests  a 
single  test  specimen  was  impacted  by  a thin  (0.305 
mm)  aluminum  alloy  (2024).  The  target  configura- 
tion is  shown  in  Pig.  3. 

The  HNS  11  pressed  into  2024  aluminum  cups  at 
two  density  ranges  as  in  the  previous  experiment,  and 
then  a chrome  mirrored  3-mm-thick  disk  of  Lexan 
polycarbonate  was  pressed  into  the  cavity  behind  the 
HNS  with  the  mirror  adjacent  to  the  HNS. 

On  Heated  shots,  an  aluminum  cylinder  with  an 
electric  heater  on  the  outer  surface  was  bolted  to  the 
sample  cup  and  then  in  turn  bonded  to  the  support 
plate.  The  temperature  was  controlled  using  a ther- 
mocouple inserted  into  a hole  in  the  sample  cup. 

The  impact  time  was  obtained  from  a coaxial 
make-circuit  pin  or  a piezo  pin  flush  with  the  front 
surface. 

It  was  intended  to  obtain  both  shock  arrival  time 
and  surface  velocity  of  the  mirror  in  contact  with  the 
HNS  and  the  rear  surface  of  a thin  section  of  the  sup- 
port plate  by  using  a velocity  interferometer.  In  later 
shots,  this  interferometer  technique  was  supple- 
mented by,  and  then  replaced  by,  a piezoresistive 
gage  on  the  rear  surface  of  the  Lexan  disk.  The  gage 
was  backed  up  by  a second  Lexan  disk  to  increase  the 


duration  of  the  signal.  This  was  necessary  because 
Lexan,  which  had  been  chosen  for  its  high-temperature 
properties,  apparently  becomes  opaque  at  the  stress 
levels  of  this  test.  Shock  arrival  times  were  character- 
ized by  the  sudden  absence  of  light  reflected  back 
from  the  target. 

The  accuracy  of  both  the  transit  time  and  manga- 
nin  gage  data  is  limited  by  the  uncertainties  in  the 
Lexan  Hugoniot. 


EFFECTIVE  GRUNEISEN 
PARAMETER  MEASUREMENT 

The  Gruneisen  parameter  of  HNS  II  was  measured 
by  determining  the  velocity  response  of  pellets  ex- 
posed to  an  electron  beam  in  the  BREL  FX-75  ma- 
chine. Free  standing  HNS  II  pellets  were  bonded  to  a 
fused  silica  blank  which  was  mirrored  at  the  explosive/ 
silica  interface,  was  shown  in  Fig.  4.  The  response  of 
this  interface  to  the  short  time  energy  deposition  was 
measured  by  a Michaelson  interferometer  (displace- 
ment) with  quadrature  encoding  which  determined 
direction  as  well  as  magnitude  of  the  velocity  (3). 

The  dose  in  each  shot  was  determined  by  measur- 
ing the  temperature  rise  in  a 0.05-mm-thick  aluminum 
foil  calorimeter  in  line  with  the  specimen,  as  shown  in 
Figs.  4 and  5.  The  depth  dose  profile  was  estimated 
in  separate  experiments  using  a multiple  foil  calorime- 
ter (4).  A 0.9-mm-aluminum  filter  was  used  in  front 
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Fig.  3.  Short-pulse  test  setup. 


Fig.  4.  HNS  Gruneisen  parameter  test  setup. 
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of  the  test  specimen  to  minimize  the  dose  uncer- 
tainty. This  and  the  normalized  deposition  profile 
are  illustrated  in  Fig.  5 . 

Fused  silica  was  chosen  as  the  mounting  material 
because  it  is  not  affected  optically  by  doses  below  10 
cal/g  and  its  Gruncisen  is  low  (~  0.02),  and  normally 
the  stresses  In  the  silica  can  be  neglected  completely. 
However,  for  these  experiments,  this  assumption  was 
not  valid.  The  response  of  the  interface  between  silica 
and  HNS  in  this  case  can  be  analyzed  as  a sequence  of 
step  waves  arriving  from  each  side. 

In  experiments  conducted  to  check  the  Gruncisen 
coefficient  of  fused  silica,  a value  of  0.021  was  ob- 
tained, consistent  with  published  data.  Using  this 
value  and  the  measured  deposition  profile  (Fig.  S), 
the  Gruncisen  of  HNS  H was  given  by  Pj|  = 0.016- 
0.81  N/E  for  1 .58  Mg/m3  HNS  and  r„  = 0.01 1 — 

0.74  N/E  for  1 .47  Mg/m3  HNS  where  N is  the  num- 
ber of  fringes  detected  at  5 14.9  X 10-9  and  E is  the 
calorimeter  dose. 


RESULTS 

Equation  of  State  and  Shock  Initiation  Threshold 

Typical  stress  profiles  measured  in  the  Hugoniot 
experiments  by  the  piezoresistive  gages  are  given  in 
Figs.  6 and  7.  The  wave  forms  shown  in  Fig.  6 are 
representative  of  those  impact  velocities  which  did 
not  result  in  detonation  of  the  HNS.  Both  the  am- 
'plitude  and  rise  time  of  the  transmitted  pulses  re- 
main constant.  The  stress  profiles  shown  In  Fig.  7 
are  representative  of  those  shots  where  detonation  of 
the  HNS  was  observed.  In  this  case,  the  amplitude 
and  rise  time  of  the  transmitt'  1 pulse  is  seen  to  in- 
crease with  increasing  propagation  distance. 

Figures  8 and  9 present  distance  versus  transit  time 
plots  which  illustrate  the  onset  of  detonation  as  a 
sharp  increase  in  the  slope  of  the  curve,  and  non- 
detonation reaction  as  a gradual  increase  in  the  slope. 
The  Hugoniot  curves  in  the  stress/particle  velocity 
plane  are  presented  in  Fig.  10.  The  results  of  the  two 
measurement  techniques  agree  well  at  the  lower  stress 
levels  for  both  densities  of  HNS.  The  divergence  of 
the  stress  and  transit  time  data  and  the  steepening  of 
the  Hugoniot  at  the  higher  stress  levels  are  considered 
to  be  indicative  of  reaction  in  the  explosive. 


Fig.  5.  Normalized  depth  dose  profile  for  HNS 
Gruncisen. 


Fig.  6.  Shock  stress  levels,  shot  6. 


Fig.  7.  Shock  stress  levels,  shot  9. 


The  variation  in  the  Hugoniot  as  a function  of 
HNS  density  is  observed  as  a slight  change  in  curva- 
ture at  low  stress  levels.  This  variation  shows  more 
clearly  in  the  shock  velocity/particle  velocity  plane 
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Long-Pulse  Initiation  Threshold 

The  long-pulse  shock  initiation  threshold  for  HNS 
II  was  determined  by  examining  the  variation  of  the 
stress  profile  and  its  propagation  velocity  as  a func- 
tion of  impact  stress  and  propagation  distance.  For 
the  low  density  (p  = 1 .47  Mg/m3)  HNS  II,  the  transit 
time  data  shown  in  Fig.  8 and  the  transmitted  stress 
levels  illustrated  in  Fig.  12  both  indicate  that  the  ini- 
tiation threshold  lies  between  1 .7  and  3.7  GPa.  At 
1 .7  GPa,  the  initial  amplitude  of  the  transmitted 
stress  profile  remains  constant  over  the  propagation 
distances  examined.  Furthermore,  the  stress  profiles 
show  little  if  any  evidence  of  reaction  in  the  explo- 
sive. At  3.7  GPa,  reaction  occurs  within  the  first  milli- 
meter of  travel.  The  maximum  shock  velocity  ob- 
served prior  to  detonation  is  about  3.9  km/sec  which 
corresponds  to  a stress  of  3.9  GPa.  Furthermore,  the 
impact  gage  data  at  3.4  GPa  lies  well  off  the  Hugoniot 
derived  from  the  lower  stress  data.  This  is  interpreted 
as  additional  evidence  of  reaction  within  the  explo- 
sive at  this  stress  at  early  times. 

For  the  high  density  (p  » 1 .58  Mg/m3)  HNS  II, 
similar  transit  time  and  stress  profile  data  are  shown 


Fig.  12.  Variation  of  stress  amplitude  with  propaga- 
tion distance  for  low-density  HNS. 


in  Figs.  9 and  13,  respectively.  In  this  case,  the  initia- 
tion threshold  is  between  1 .7  and  3.4  GPa.  At  1 .7 
GPa,  the  initial  amplitude  of  the  transmitted  stress 
profile  again  remains  constant  over  the  propagation 
distances  examined  and  no  evidence  of  reaction  in  the 
explosive  is  seen  in  the  measured  stress  profiles.  At 
3.4  GPa,  evidence  of  reaction  is  noted  after  propaga- 
tion through  about  0.75  mm  of  the  explosive.  The 
maximum  shock  velocity  observed  prior  to  detona- 
tion is  3.5  km/s  which  corresponds  to  a stress  of  3.6 
GPa.  Again,  the  impact  gage  data  appears  to  be  off 
the  Hugoniot  but  not  as  dramatically  as  with  the  low- 
density  material. 

Short-Pulse  Initiation  Threshold 

The  results  of  the  short-pulse  initiation  threshold 
experiments  are  summarized  in  Fig.  14  for  the  low 
density  (p  = 1 .47  Mg/m3)  HNS  at  room  temperature. 
Below  impact  stresses  of  3.1  GPa,  the  measured  aver- 
age shock  velocities  are  less  than  those  derived  from 
the  Hugoniot  measurements.  This  is  consistent  with 
a nonrcactive  stress  wave  being  attenuated  as  it  propa- 
gates through  the  porous  compaction.  Above  4.1 
GPa,  the  measured  shock  velocity  corresponds  to  the 
detonation  of  the  HNS. 


Fig.  13.  Variation  of  stress  amplitude  with  propaga- 
tion distance  for  high-density  HNS. 


) 
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Fig.  14.  Variation  of  average  shock  velocity  with  im- 
pact stress  (low  density). 

At  room  temperature,  similar  results  were  ob- 
tained for  high  density  (p  * 1 .58  Mg/m3)  HNS.  For 
the  impact  stresses  of  3.2  GPa  and  below,  the  meas- 
ured average  shock  velocities  are  less  than  the  corre- 
sponding Hugoniot  velocities.  Above  3.6  GPa,  the 
velocities  are  greater  than  the  velocities  derived  from 
the  Hugoniot;  however,  they  are  less  than  the  stable 
detonation  velocity  and  suggest  at  least  partial  reac- 
tion in  the  HNS. 

The  results  of  the  elevated  temperature  experi- 
ments arc  illustrated  in  Fig.  15.  For  the  low-density 
compaction,  both  the  average  shock  velocity  measure- 
ments and  the  manganin  gage  records  indicate  that 
the  threshold  lies  between  3.3  and  3.5  GPa.  For  the 
high-density  compaction,  the  threshold  lies  between 
3.6  and  3.8  GPa.  The  initial  stresses  in  the  HNS  have 
been  calculated  using  the  room-temperature  Hugoniot 
and  consequently  are  an  upper  bound.  However,  the 
small  temperature  increment  and  the  off-setting  varia- 
tions in  initial  density  and  shock  velocity  are  consid- 
ered to  result  in  an  error  of  leas  than  5%. 

Gruneisen  Parameter 

The  effective  Gruneisen  parameter  for  HNS  II  was 
measured  for  two  compaction  densities.  In  general, 
the  magnitude  of  the  displacement  of  the  HNS/fused 


Fig.  15.  Variation  of  average  shock  velocity  with  im- 
pact stress  for  HNS  II  at  127°C. 

silica  interface  was  of  comparable  magnitude  but 
opposite  direction  to  that  resulting  from  the  response 
of  fused  silica  alone.  The  effective  Gruneisen  parame- 
ter of  the  1 ,58  Mg/m3  compaction  was  estimated  to 
be  0.06  while  the  1 .47  Mg/m3  compaction  was  0.01 . 
The  absolute  error  on  these  Gruneisen  coefficients  is 
estimated  to  be  less  than  0.05.  These  low  values  and 
the  low  shock  velocities  measured  at  low  stresses  con- 
sistent with  a porous  material  and  consequently  the 
effective  Gruneisen  parameter  can  be  expected  to  ex- 
hibit a strong  energy  dependence. 

REFERENCES 

1 . F.  W.  Davies,  A.  B.  Zimmerschied,  F.  G.  Borgardt 
and  Louis  Avrami,  “The  Hugoniot  and  Shock  Ini- 
tiation Threshold  of  Lead  Azide,”  J.  Chem.  Phys., 
Vol.64,Nc.6,pp.  2295-2302, 15  March  1976. 

2.  R.  M.  Schmidt,  F.  W.  Davies,  J.  E.  Shrader,  and 
K.  A.  Holsapple,  “Spall  Behavior  of  Structural 
Metals  at  Elevated  Temperature,”  Boeing  Tech- 
nical Memo  2-5320-0030-233,  July  1975. 

3.  L.  M.  Barker  and  R.  E.  Hollenbach,  “Laser  Inter- 
ferometer for  Measuring  High  Velocities  of  Any 
Reflecting  Surface,"  J.  Appl.  Phys.,  Vol.  43,  No. 

1 1,  pp.  46694675,  November  1972. 


746 


1 


l 


Vr"'  i . jggBBZ  S S SZ 


4.  T.  J.  Bosworth,  F.  W.  Davies,  B.  M.  Lempriere 
and  J.  E.  Shrader,  “Hugoniot  Equation  of  State 
and  Spall  Threshold  of  Tungsten  at  5000°F,” 
Boeing  Technical  Rpt.  D2-19729,  August  1972. 


ACKNOWLEDGMENTS 

This  work  was  carried  out  at  facilities  of  Boeing 
Aerospace  Company,  under  a subcontract  to  Lock- 
heed Missiles  & Space  Company,  Inc.,  with  the  assist- 
ance of  Mr.  L.  Avrami  of  Picatinny  Arsenal  who  ar- 
ranged for  the  loading  of  the  HNS  test  specimens. 


REPLY  BY  F.  DAVIES 

The  primary  measurement  reported  in  this  paper 
and  that  of  Hayes  et.  al.  is  stress  at  the  impact  face. 
The  primary  measurement  in  Roth’s  study  was  shock 
velocity.  The  Hugoniot  data  derived  from  our  impact 
face  measurements  compares  well  with  that  derived 
from  our  transit  time  measurements  at  low  stresses 
but  deviates  when  the  shock  velocity  is  enhanced  by 
reaction  in  the  explosive.  Even  though  each  study 
used  different  HNS  1 would  expect  agreement  at  least 
at  low  stress. 

It  is  not  at  all  clear  that  there  is  any  real  contradic- 
tions in  the  threshold  data  for  1 .47  Mg/m3  HNS  II 
when  the  experiments  are  compared  in  detail.  We 


DISCUSSION 

JULIUS  ROTH 
Portola  Valley,  California 

The  Hugoniot  data  presented  in  this  paper  agree 
rather  well  with  the  data  1 presented  at  the  5th 
Deton.  Symposium  if  the  data  are  compared  in  the 
P-u  plane.  Agreement  in  the  U-u  plane  is  less  satisfac- 
tory, and  my  results  are  in  better  accord  with  those 
of  Sheffield,  Mitchell,  and  Hayes.  Rather  more  dis- 
turbing is  that  Davis  et  al.  found  no  indication  of  any 
reaction  in  1 .47  g/cm3  HNS  at  or  below  17  kbar.  In- 
terpolation of  our  data  leads  to  50%  threshold  of  1 8 
kbar  for  our  gap  test  geometry  and  1 would  certainly 
expect  reaction  at  a considerably  lower  pressure  in 
plane-wave  “long-duration  pulse”  geometry. 


state  in  the  text  that  “at  1 .7  GPa.  the  initial  amplitude 
of  the  transmitted  stress  profile  remains  constant  over 
the  propagation  distances  examined  (<3  mm)  and 
that  the  stress  profiles  show  little  if  any  evidence  of 
reaction  in  the  explosive.”  The  ramping  of  the  wave 
was  less  than  10  percent.  Roth’s  data  was  derived 
from  run  distances  of  12.7  mm.  His  quoted  threshold 
is  derived  from  a linear  interpolation  between  data  at 
1 .38  Mg/m3  and  1 .57  Mg/m  . Tire  pulse  lengths  are 
not  likely  to  be  different  by  more  than  a factor  of  3 
thus  both  sets  of  data  are  in  the  microsecond  regime 
and  little  variation  in  the  threshold  should  be  ex- 
pected. Finally  differences  between  the  HNS  II 
examined  in  this  paper  and  Roth’s  material  (average 
particle  size  15  p)  are  more  likely  to  effect  the 
initiation  thresholds  than  the  Hugoniot  measurements. 
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THE  EQUATION  OF  STATE  AND  CHEMICAL  KINETICS 
FOR  HEXANITROSTILBENE  (HNS)  EXPLOSIVE* 


S.  A.  Sheffield,  D.  E.  Mitchell,  and  D.  B.  Hayes 
Sandia  Laboratories 
Albuquerque,  New  Mexico  87115 


Plane  impact  experiments  at  stresses  between  0.3  and  3.5  GPa  have  been  used  to 
determine  shock  Hugoniots  for  unreacted  hexanitrostilbene  (HNS)  explosive  at  five 
different  initial  densities  ranging  from  1.0  to  1.7  Mg/m3.  The  shock  Hugoniot  data 
are  used  in  conjunction  with  known  quasi-static  thermodynamic  properties  to  de- 
duce a semiempirical,  analytical  form  for  the  Helmholtz  free  energy  of  the  unreacted 
explosive  material.  In  a limited  number  of  these  impact  experiments,  pressure 
transients  observed  at  the  impact  interface  have  been  associated  with  the  onset  of 
chemical  decomposition.  These  transient  pressure  data  have  been  used  to  infer  the 
chemical  decomposition  rate  of  the  shocked  material.  Initial  chemical  decomposi- 
tion rates  are  observed  to  vary  from  1.3  X 1(T2  to  1.1  X IQT1  ps~‘  for  shock  stresses 
between  0.64  and  1.64  GPa. 


INTRODUCTION 

Considerable  work  has  been  done  to  determine  and 
calculate  equations  of  state  for  unreacted  porous  high 
explosive  materials.  By  way  of  example,  Erkman  and 
Edwards  ( 1 ) have  developed  a method  which  uses  an 
equation  of  state  of  the  Mie-Grtlneisen  form  written 
to  include  the  effect  of  porosity  coupled  with  an 
energy  jump  condition.  With  this  method,  Erkman 
and  Edwards  successfully  calculated  P-V-E  shock 
Hugoniots  for  unreacted  porous  high  explosives.  Roth 
(2)  has  reported  experiments  on  the  shock  Hugoniot 
for  porous  hexanitrostilbene  (HNS)  explosive.  Those 
data  were  obtained  from  wedge  and  explosive  lens 
tests.  Each  of  these  studies  gives  a thermodynami- 
cally incomplete  description  of  shocked  states  in  the 
high  explosive  because  they  lead  to  a P-V-E  equation 
of  state;  neither  Erkman’s  model  nor  Roth’s  experi- 
ments gives  information  on  shock  temperature. 


•This  work  was  supported  partially  by  the  Department  of 
the  Navy  and  partially  by  the  Energy  Research  and  Devel- 
opment Administration. 


We  have  performed  shock  experiments  on  HNS  and 
have  used  our  results  to  formulate  an  equation  of  state 
which  is  thermodynamically  complete.  Therefore,  ,t 
is  sufficient  to  calculate  shock  temperature.  The 
temperature  distribution  produced  by  shock  com- 
paction of  an  initially  porous  high  explosive  is 
heterogeneous.  Hence,  calculations  of  shock  tempera- 
ture based  on  thermodynamic  equilibrium  are  not 
meaningful  for  accurately  describing  the  shocked 
solid.  However,  such  an  equilibrium  equation  of  state 
would  be  useful  for  describing  either  hot  or  cold  local 
regions  of  the  shocked  solid  which  are  in  thermo- 
dynamic equilibrium. 

In  addition  to  the  equation  of  state  of  the  un- 
reacted material,  a description  adequate  to  study 
shock  initiation  requires  knowledge  of  the  kinetic 
laws  which  govern  the  chemical  decomposition. 
Kennedy  (3)  has  performed  experiments  on  the 
explosive  PBX-9404  where  growth  of  the  pressure  at 
the  loading  interface  is  attributed  to  chemical  decom- 
position. We  have  used  a technique  involving  those 
pressure  transients  to  obtain  quantitative  estimates  of 
the  chemical  decomposition  rate. 
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Specifically,  in  this  study,  plane  shock  wave  ex- 
periments have  been  used  to  determine  the  shriek 
Hugoniot  of  unreacted  HNS  at  a variety  of  initial 
densities.  These  data  are  used  to  develop  a semi- 
empirical,  thermodynamically  complete  equation  of 
state.  The  experiments  also  provide  some  information 
on  chemical  decomposition  rates. 


EXPERIMENTAL  SHOCK  HUGONIOT 
OF  UNREACTED  HNS 

The  plane-wave  shock  experiments  with  HNS  ex- 
plosive were  conducted  on  the  Sandia  light  gas  gun 
(4).  This  gun  is  operated  with  either  helium  or  air  as 
a driver  gas  and  can  accelerate  a 0.25-kg  projectile 
to  a terminal  velocity  as  high  as  1 .5  km/s.  Projectile 
velocity  is  determined  by  three  charged  pins,  located 
at  a known  spacing  near  the  muzzle  of  the  24-mctre- 
long  barrel.  These  pins  are  shorted  by  the  projectile 
as  it  exits  the  barrel  and  the  time  of  shorting  is 
recorded  on  time  interval  counters.  Impact  velocity 
is  determined  by  this  method  to  within  0.5  percent. 
Tilt,  the  angle  of  inclination  between  the  colliding 
surfaces,  was  not  measured  during  the  experiments. 
However,  prealignment  of  the  specimen  mounting 
ring  normal  to  the  gun  bore  was  better  than  0.5  mrad. 
However,  due  to  the  difficulty  in  preparing  specimens 
which  are  extremely  porous  in  nature,  tilt  was  prob- 
ably as  large  as  2.2  mrads  in  some  of  the  experiments 
on  HNS  at  the  lowest  density ; a result  deduced  from 
the  risetime  of  certain  quartz-gauge  records. 

All  experiments  conducted  in  this  work  were 
constructed  in  the  target  quartz-gauge/  projectile 
quartz-gauge  configuration  which  is  also  referred  to  as 
the  front-back  method  (5).  In  this  technique,  an  X- 
cut  quartz  gauge  is  mounted  to  the  projectile  and 
records  impact  stress.  A second  gauge  is  affixed  to 
the.target  and  records  the  transmitted  stress  wave 
amplitude.  Figure  1 shows  the  experimental  configura- 
tion. The  impact  of  the  projectile  gauge  onto  the 
HNS  specimen  produces  a constant  stress  directly 
related  to  the  shock  properties  of  the  explosive. 

Under  the  constant  stress  loading,  output  current 
from  the  quartz  gauge  is  simply  related  to  input 
stress  up  to  3 GPa. 

Redundant  information  is  obtained  when  using 
the  front-back  method  since  three  independent 
shock  quantities  are  measured  and  only  two  inde- 
pendent quantities  are  required  to  determine  a datum 


on  the  shock  Hugoniot.  These  three  measured 
quantities  are:  1 ) impact  stress  from  the  quartz  gauge, 
2)  impact  particle-velocity  from  the  known  projectile 
velocity  and  shock  stress  in  the  quartz,  and  3)  shock 
velocity  determined  from  known  specimen  thickness 
and  transit  time  measurements.  Agreement  among 
Hugoniot  points  calculated  from  the  redundant  data 
was  better  than  6 percent,  an  estimate  of  the  overall 
accuracy  of  the  experiments.  In  addition  to  the 
above  redundancy,  the  amplitude  of  the  reshockcd 
state  produced  at  the  target  gauge  by  the  impedance 
mismatch  between  HNS  and  quartz  was  measured  and 
is  in  excellent  agreement  with  calculated  values. 

Impact  data  shown  in  Table  1 were  determined 
using  standard  data  reduction  methods  for  quartz 
gauges  (5).  For  impacts  which  produced  stresses 
greater  than  2.8  GPa  (shots  27, 28,  32),  relaxation 
resulting  from  electrical  conductivity  in  the  gauge 
produces  data  which  arc  considered  unreliable. 


Gas  Pressure 


Fig.  1.  Experimental  configuration,  slightly  modified 
from  Ref.  5. 
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TABLE  1 


Impact  Data 


Shot 

No. 

DcnUty 

Mg/m3 

— - 

Stress  GPa 

Shock  Velocity  km/s 

Particle  Velocity 
km/s 

V(m3/Mg) 

Comment 

From 

Impact 

Gauge 

From 

Transit 

Timed) 

From 
Impact 
Stress  (2) 

From 

Transit 

Time 

From 
Impact 
Gauge  (3) 

From 

Transit 

Time 

10 

1.01 

0.225 

- 

0.737 

- 

0.302 

■Sjf  Jtl 

Target  data  lost 

11 

1,01 

0.644 

1.244 

- 

0.517 

- 

Target  data  lost 

12 

1.01 

1.407 

- 

1.871 

... 

0.744 

- 

Target  data  lost 

13 

1.0! 

1.640 

3.160 

1.892 

4.128 

0.858 

0.758 

0.5411 

Detonated  specimen 

20 

1.58 

0.980 

0.980 

2.084 

2.089 

0.297 

0.297 

0.5427 

21 

1.58 

1.760 

1.770 

2.512 

2.530 

0.443 

0.443 

0.5213 

23 

1,58 

0.465 

0.495 

1.747 

< 1.882 

0.168 

0.166 

0.5770 

Transit  time  est. 

26 

1.58 

3.0/0 

4.270 

2.969 

4.706 

0.654 

0,575 

0.5071 

Detonation 

28 

1.58 

> 3.392 

5.157 

> 2.949 

5.334 

<0.727 

0.851 

< 0.4769 

Gauge  relax;  detonation 

18 

1.49 

1.800 

1.97 

2.340 

2.610 

0.518 

0.507 

- 

Detonation 

25 

1.710 

0.617 

0,621 

2.947 

< 2,998 

0.122 

0.121 

0.5606 

Lost  primary  data 

17 

1.710 

1.270 

1.31 

2.864 

2.981 

0.259 

0.256 

0.5319 

19 

1.710 

1.990 

3.154 

- 

0.369 

- 

0.5162 

15 

1,710 

2.100 

2.03 

3.346 

3.180 

0.367 

0.372 

0.5206 

16 

1.710 

2.790 

2.74 

3.425 

3.345 

0.476 

0.479 

0.5034 

27 

1.710 

> 3.395 

4.02 

> 2.886 

3.639 

< 0.687 

0.646 

< 0.4454 

Gauge  relaxation 

8 

1.19* 

0.800 

1.00 

1.470 

1.910 

0.456 

0.443 

0.5796 

Poor  tilt 

9 

1.20* 

0.330 

0.33 

0.937 

0.941 

0.291 

0.290 

0.5755 

29 

1.20* 

1.250 

3.12 

1.205 

3.516 

0.863 

0.746 

0.3406 

Detonation 

6 

1.18* 

1.430 

1.658 

0.731 

0.4738 

Target  data  lost 

* HNSII  all  other*  were  HNSI 

(1)  P-p0U,V  (1  +p0U»/Zq) 

(2)  U,  ■ PVQ/0  - P/Z  ) 

(3) u-V-P/Z 


In  those  cases  where  impact  gauge  data  are  judged  un- 
reliable, measurement  of  impact  velocity  and  transit 
time  through  the  specimen  are  sufficient  to  infer  a 
datum  on  the  Hugoniot. 

Target  gauge  stress  data  shown  in  Table  2 are 
sparse  since  detonation  occurred  within  many  speci- 
mens at  the  impact  stresses  and  densities  chosen, 
negating  information  on  the  properties  of  the  un- 
reacted material.  Detonation  pressures  which  are  in 
excess  of  10  GPa  cause  severe  quartz-gauge  break- 
down. Target  gauge  data  from  specimens  which  did 
not  detonate  were  used  to  infer  additional  information 
on  the  Hugoniot  for  the  unreacted  HNS. 


ANALYTICAL  EQUATION  OF  STATE 
OF  UNREACTED  HNS 

An  important  result  of  this  work  is  the  devel- 
opment of  semiempirical  analytical  free  energy 
function  which  describes  unreacted  HNS  explosive. 

By  using  a free  energy  function  (6-8),  thermodynamic 
completeness  and  consistency  are  guaranteed.  The 
approach  is  to  choose  a specific  analytical  form  for  the 
Helmholtz  free  energy  which  contains  parameters 
which  are  unknown.  Specific  forms  for  thermodyna- 
mic observables  are  obtained  by  second  order  dif- 
ferentiation, and  the  parameters  are  adjusted  until 
good  agreement  is  obtained  between  thermodynamic 
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TABLE  2 


Available  Target  Gauge  Data 


Shot 

No. 

Density 

Mg/m3 

Pressure  GPa 

ft 

in3 /Mg 

Comment 

Measurement 

Hugoniot 

Equation 

20 

1.58 

1.95 

1.79 

0.5200 

21 

1.58 

3.37 

3.19 

0,4909 

23 

1.58 

0.84 

0.53 

0.5353 

Backup  trace  used 

25 

1.71 

0.89 

0.79 

0.5467 

17 

1.71 

1.95 

2.25 

0.5678 

19 

1.71 

3.17 

3.11 

0.4890 

15 

1.71 

3.13 

3.21 

0.4880 

16 

1.71 

>4.07 

4.99 

0.4594 

Target  gauge  relaxation 

27 

1.71 

>6.39 

9.85 

0.4079 

Target  gauge  relaxation 

observables  as  calculated  and  as  measured.  Thermo- 
dynamic observables  are  meant  to  include  quasi-static 
measurements  of  specific  heat  and  coefficient  of  ex- 
pansion as  well  as  the  slope  of  the  Hugoniot  curves 
from  the  present  shock  work. 

The  specific  form  chosen  for  the  Helmholtz  free 
energy  is: 


^ = Const.  (2) 


Hence,  we  have  a five-parameter  equation  of  state, 
completely  defining  the  thermodynamic  properties 
of  HNS  whenever  the  parameters  V0,  Cv,  Kx0,  N, 
and  y/V  are  specified. 


F(T,  V)  = Cv 


(T-T0)(l+^(V0-V)) 


+ T log  (T0/T) 


KtqVq 
+ N(N  - 1) 


where  it  is  assumed  that  pressure, entropy,  and  energy 
are  zero  in  the  reference  state,  Differentiation  of  Eq. 
(1)  leads  to  the  following  simple  forms  for  the  thermo- 
dynamic observables: 

/v  o\N 

kt  - KtoUt) 

Cv  = Const. 


Quasi-static  information  exists  on  specific  heat  and 
on  thermal  expansion  for  unreacted  HNS  (9).  How- 
ever, no  information  on  the  isothermal  compressibility 
is  available,  hence  we  must  use  our  shock  data.  When 
almost  full  density  HNS  is  shocked,  the  P-V  states 
produced  lie  close  to  the  isentrope.  We  used  such 
P-V  states  as  an  approximation  to  the  isentrope  in 
order  to  evaluate  the  initial  isentropic  bulk  modulus, 
KSo.  Further,  the  shock  data  were  sufficient  to  allow 
estimation  of  the  pressure  derivative  of  the  isentropic 
bulk  modulus.  Given  the  crystal  density,  the  specific 
heat  at  constant  pressure,  thermal  coefficient  of  ex- 
pansion, the  isentropic  bulk  modulus,  and  pressure 
derivative  of  the  isentropic  bulk  modulus  all  at  refer- 
ence conditions,  the  five  parameters  in  the  equation 
of  state  are  uniquely  determined.  The  numerical 
values  used  in  this  method  are  given  in  Table  3. 

Since  we  have  constructed  a thermodynamic  po- 
tential function,  thermodynamic  completeness  is 


TABLE  3 


Parameters  for  HNS 


assured.  Thus,  we  have  sufficient  information  to 
integrate  the  well  known  equations  for  the  Hugoniot, 


[l-~(aV0-V)]  (4) 

where  <*V0  is  the  initial  specific  volume  of  the  speci- 
men. Further  discussion  of  some  of  the  aspects  of 
this  work  is  given  in  Ref.  1 1 . Figs.  2 and  3 show  a 
comparison  between  measurements  and  Hugoniots 
calculated  in  this  way.  Figure  4 shows  the  tempera- 
ture-pressure Hugoniot  obtained  from  Eq.  (4). 


CHEMICAL  KINETICS 

Experiments  performed  to  obtain  the  equation 
of  state  of  the  unreacted  HNS  also  yielded  some 
sparse  information  on  chemical  kinetics;  the  pressure 
at  the  impact  interface  was  observed  to  grow.  The 
only  experiments  which  displayed  such  pressure 
growth  were  for  initial  HNS  density  of  about  1 .00 
Mg/m3.  Figure  S shows  an  example  of  pressure 
growth  at  the  impact  surface  as  recorded  by  the 
quartz  gauge  in  shot  13.  For  experiments  with  initial 
HNS  densities  of  1.58  and  1.71  Mg/m3,  impact  stesses 
were  such  that  critical  pressures  to  induce  prompt 
reaction  were  not  delivered.  Although  shots  26  and 


Fig.  2.  Stress  particle  vebcity  Hugoniot  data  for 
various  densities. 
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Fig.  3.  Shock  velocity-particle  velocity  Hugoniot 
data  for  various  densities. 
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Fig.  4.  Calculated  stress-temperature  Hugoniots  for 
HNS  at  various  initial  densities. 


Fig.  5.  Pressure  growth  at  impact  interface 


28  at  densities  of  1 .58  Mg/m3  resulted  in  detonation, 
as  determined  from  unusually  high  measured  shock 
velocities,  the  transient  behavior  preceding  growth 
to  detonation  was  not  evident  from  the  impact  gauge 
records.  We  attribute  this  to  gauge  conductivity  at 
stresses  large  enough  to  produce  appreciable  reaction 
at  these  higher  densities. 

Table  4 shows  calculated  chemical  reaction  rate 
deduced  from  these  three  experiments.  A complete 
description  of  the  theory  used  to  calculate  decom- 
position rate  from  pressure  growth  rate  is  given  in 
Ref.  10.  Figure  6 shows  the  calculated  decomposi- 


tion rate  vs.  pressure  as  determined  in  these  three 
experiments. 


TABLE  4 


Chemical  Reaction  Rate  in  Shocked  HNS  Explosive 
Initially  at  1.0  Mg/m3  Deduced  from  Pressure  Growth 
Rate  at  the  Impact  Interface 


Shot 

No. 

Density 

Mg/m3 

Impact 
Stress  GPa 

(ap/at)h 

GPa/ps 

kps'1 

11 

1.01 

0.64 

,r 

0.237 

0.0128 

12 

1.01 

1.41 

0.770 

0.0505 

13 

1.01 

1.64 

1.656 

0.1134 

*x 


.0 

Fig.  6.  Calculated  decomposition  rate  vs.  stress  for 
HNS  at  p0  = 1.01  Mg/m3. 

SUMMARY 

Plane  shock  wave  experiments  have  been  used  to 
determine  the  Hugoniots  for  unreacted  hexanitros- 
tilbene  (HNS)  explosive  at  pressures  from  0.3  GPa  to 
3.5  GPa  for  densities  from  1.00  to  1.71  Mg/m3.  A 
semiempirical  thermodynamically  complete  equation 
of  state  was  developed  using  the  shock  data.  That 
analytical  form  can  be  used  to  calculate  shock 
Hugoniots  for  unreacted  HNS  at  any  density.  Further- 
more, shock  temperature  can  be  calculated. 

In  certain  experiments,  the  loading  pressure  pro- 
duced by  the  impact  of  the  flyer  plate  was  observed 


1 
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to  grow  spontaneously.  This  growth  is  attributed  to 
chemical  decomposition.  The  equation  of  state  for 
the  unreacted  material  and  the  transient  pressure  data 
were  combined  with  theory  to  give  quantitative 
estimates  of  the  chemical  decomposition  rates. 
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INITIATION  AND  DETONATION  CHARACTERISTICS  OF  TATB* 


> 
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The  initiation  and  detonation  characteristics  of  TA  TB  were  investigated  using  sev- 
eral different  experimental  techniques . In  the  crushing  impact  environment  of  the 
Susan  Test,  TATB  formulations  were  among  the  least  sensitive  explosives  ever 
tested.  Thin  flyer  plates  accelerated  by  electrically  exploded  metal  foils  or  by  gas 
guns  were  used  to  study  shock  sensitivity.  In  high  density  TATB  the  minimum 
flyer  kinetic  energy  required  for  initiation  decreased  with  increasing  pressure.  All 
compositions  investigated  were  substantially  less  sensitive  to  shock  than  nominal 
density  PBX-9404.  Wavefron  t propagation  in  TA  TB  compositions  of  lower-density, 
lower-binder-percentage  and  smaller  HE  particle  size  was  closest  to  the  ideal 
Huygens  propagation.  Shock  initiation  experiments  were  performed  at  sample  tem- 
peratures ranging  from  -54°  to  +74° C.  At  lower  temperatures  a significant  decrease 
in  the  divergence  of  the  detonation  wave  was  observed. 


INTRODUCTION 

TATB  (1 ,3,5-triamino  2,4,6-trinitrobenzene)  is  a 
very  stable  explosive  that  is  remarkably  insensitive  to 
severe  impact  and  thermal  environments.  It  is  of  in- 
terest to  high  explosive  safety  programs  because  the 
probability  of  ignition  or  accelerated  reactions  in  an 
accident  situation  is  low.  We  have  investigated  the 
initiation  and  detonation  charact/  nstics  of  TATB 
using  several  different  experimental  techniques. 
These  include  the  Sus  Test  (1-3)  crushing  impact 
experiments; experiments  studying  initiation  and 
c mergence  of  the  detonation  wave  using  thin  flyers 
driven  by  an  electrically  exploded  metal  foil  (4);  ini- 


*Thi* work  was  performed  under  the  auspices  of  the  U.S 
Energy  Research  and  Development  Administration  under 
contract  no.  7405  ENG-48. 

fR.  K.  Jackson  s with  the  U.S.  Army  assigned  to  the  Law- 
rence Livermore  Laboratory. 

$P.  E.  Kramer  is  with  Mason  & Hangar-Silas  Mason  Co.,  >nc., 
Pantex  Plant,  Amarillo,  Texas. 


tiation  experiments  using  gas-gun-driven  flyers  of  vari- 
ous thicknesses;  and  experiments  using  conventional 
wedge  techniques  (5). 

The  TATB  compositions  were  blended  and  pressed 
from  different  batches  of  powder  having  significantly 
different  particle  size  distributions.  Representative 
particle  size  distributions  for  a fine-particle  batch  and 
a coarse  particle  batch  are  shown  in  Fig.  1 . The 
majority  of  experiments  used  TATB  similar  to  that  of 
B-226  unless  otherwise  stated.  Binder  material,  when 
used,  was  KEL-F-800,  polytrifluorochloroethylene. 

CRUSHING  IMPACT  EXPERIMENTS 

The  Susan  Test  was  used  to  investigate  the  re- 
sponse of  TATB  and  TATB/KEL-F  formulations  of 
different  composition  and  density  to  a severe  crush- 
ing impact  environment.  In  these  tests  an  explosive- 
ioaded  projectile  was  gun  fired  against  an  armor  plate 
target  at  various  velocities  and  the  explosive  response 
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noted.  Overpressures  from  thirty -eight  experiments 
were  converted  to  relative  energy  release  and  the  re- 
sults plotted  against  impact  velocity  in  Fig.  2.  Indi- 
vidual data  points  are  not  shown,  since  all  results  fell 
within  the  shaded  area  and  differences  between  indi- 
vidual formulations  had  no  statistical  significance. 
Results  with  standard  explosives  are  included  for  ref- 
erence. TATB  and  TATB/KEL-F  formulations  are 
among  the  least  sensitive  explosives  ever  tested  in  the 
Susan  Test.  The  explosive  response  is  hardly  discern- 
able  from  that  of  a mock  explosive.  There  is  no  evi- 
dence of  accelerated  burning  reactions  at  the  higher 
impact  velocities  such  as  occur  with  almost  all  of  the 
commonly  used  explosives. 

FLYER  PLATE  INITIATION 

Over  the  range  of  pressures  and  pulse  lengths 
where  the  pulse  length  is  important  to  the  initiation 
process,  we  distinguish  between  short-pulse  and  long- 
pulse  experiments  on  the  basis  of  the  TATB  behavior 
near  threshold.  For  the  short-pulse  experiments  the 
transit  time  of  the  detonation  wave  through  the  test 
specimen  is  essentially  constant,  except  near  failure 
where  the  transit  time  increases  drastically  over  a nar- 
row range  of  flyer  energies.  For  the  short-pulse  ex- 
periments it  was  therefore  possible  to  define  the  criti- 
cal flyer  energy  for  initiation  as  a go,  no-go  condition. 

For  the  longer  pulses  at  lower  pressures  the  transit 
time  varied  more  gradually  near  failure  so  we  deter- 


Fig.  1.  Particle-size  distributions  for  two  batches  of 
TA  TB  used  for  many  of  the  experiments  reported 
here. 


mined  the  critical  initiation  energy  Ec  from  the  em- 
pirical equation  (6) 

(X  - 1)(Y  - Ec)  = C, 

where  X is  the  reduced  excess  transit  time,  Y is  the 
flyer-plate  kinetic  energy  and  C is  a constant. 

Short  Pulse  Initiation 

Thin  flyer  plates  (0.25-mm-thick  PET  polyester 
film)  were  used  to  achieve  relatively  short  pressure 
pulses  (0.04-0.2  ps  for  the  first  shock  reverberation  in 
the  flyer  plate)  over  the  range  of  1-100  GPa.  The 
flyers  were  accelerated  by  electrically  exploding  a 
thin  (~50  pm)  aluminum  foil  (4).  Figure  3 shows  the 
electrical  conductor,  exploding  foil,  layer  of  flyer  ma- 
terial, barrel,  and  lucite-cone  HE  pellet  holder.  Alu- 
minum foils  varied  in  size  from  3X3  mm  to  50  X 50 
mm  and  the  barrel  (and  flyer)  diameter  varied  from 
3 to  50  mm  accordingly.  When  the  foil  explodes  the 
flyer  layer  is  sheared  by  the  edge  of  the  inner  diame- 
ter of  the  barrel.  The  flyer  is  accelerated  down  the 
barrel  impacting  the  explosive  mounted  in  the  lucite 
holder. 


0 0.2  ’0.4  0.6  0.8  1.0 

Impact  velocity  (km/sec) 

Fig.  2.  Summary  of  Susan  test  data,  All  TATB  for- 
mulations fell  within  the  shaded  region.  These  in- 
cluded neat  TA  TB  at  densities  of  1. 70  and  1.84 
Mg/m3;  and  the  following  TATB/KEL-F  formula- 
tions: 95/5  at  p~  1.81  Mg/m3,  92.5/7.5  at  p-  1.80 
and  1.90 Mg/m3  and  90/1  Oat  pa  1.92 Mg/m3.  The 
LX- 10  and  LX-04  shown  for  reference  are  94.5/5.5 
and  85/15  HMX/Viton  A respectively. 
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Flyer  velocities  could  be  varied  in  a controlled 
manner  from  1 km/s  to  over  10  km/s  by  changing  the 
charging  voltage  on  the  capacitor  discharge  unit,  the 
foil  cross  section,  or  the  barrel  length  (distance  of 
flyer  travel  before  impact).  We  used  a Sb-pF  capaci- 
tor bank  capable  of  being  charged  to  40  kV.  This  ini- 
tiation and  diagnostic  system  is  described  in  (4). 

We  performed  experiments  to  determine  the  mini- 
mum flyer  velocity  necessary  to  initiate  various  com- 
positions of  TATB  using  several  sizes  of  flyers  and 
various  criteria  for  defining  initiation.  Some  of  these 
data  are  shown  on  Table  1 . In  most  of  these  experi- 
ments the  flyer  travel  distance  was  only  1.7  mm,  re- 
sulting in  very  flat  flyer  impacts— planar  to  within  20 
ns  over  the  center  22  mm  of  a 25-mm  diameter. 

We  used  three  criteria  for  initiation.  The  first, 
called  “any  breakout,”  considered  initiation  to  be 
any  detonation  breakout  from  the  back  side  of  the 


HE  pellet,  no  matter  how  narrow  or  ragged;  the  sec- 
ond, called  “flat  breakout,”  considered  initiation  to 
have  occurred  only  when  the  detonation  breakout 
was  simultaneous  to  within  about  50  ns  across  the 
pellet.  This  criterion  was  used  when  25-mm  diame- 
ter flyers  were  used  on  25-mm  diameter  explosive 
pellets.  The  third  criterion,  called  “diverging  detona- 
tion,” was  used  when  the  flyer  diameter  was  signifi- 
cantly less  than  the  diameter  of  the  HE  pellet.  A 
“diverging  detonation”  was  one  in  which  the  detona- 
tion reached  the  comer  (point  “B”  in  Fig.  4)  of  the 
19-mm  long  pellets.  Generally  the  flyer  velocities 
needed  to  achieve  “flat  breakout”  were  about  0.2 
km/s  higher  than  those  at  which  “any  breakout” 
would  occur.  In  the  higher  density  pressings  the  flyer 
velocities  needed  to  achieve  “diverging  detonations” 
were  significantly  greater  than  those  required  to  ob- 
tain a nondiverging  detonation  (“any  breakout”). 
Threshold  velocities  increased  rather  sharply  with  in- 
creasing HE  density  and  were  somewhat  higher  when 
a binder  was  present. 


To  camera J j J 

To  camera 


0. 13-mm  copper  conductor 
front  and  back 


Fig.  3.  Experimental  system  showing  the  copper  conductor  and  the  thin  aluminum  foil  covered  with  a thin  plas- 
tic “flyer  ’’  layer.  The  barrel  is  centered  over  the  foil  and  the  lucite  cone  HE  holder  is  placed  over  the  barrel.  The 
internal  sloping  (45°)  surface  of  the  HE  holder  provides  a view  of  the  detonation  moving  up  the  side  of  the  pellet. 
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Most  of  our  work  used  25-mm-diameter  flyers  to 
avoid  edge  effects  and  initiation-spot-size  effects.  We 
also  studied  flyer  velocity  thresholds  using  1 3-  and 
6-mm-diameter  flyers.  For  some  compositions  these 
smaller  flyers  are  very  near,  or  perhaps  smaller  than, 
the  minimum  spot  size  needed  to  achieve  a sustained 
detonation.  The  existence  of  such  a critical  initiation 
spot  size  is  strongly  implied  by  the  fact  that  flyer 
velocity  thresholds  do  not  rise  significantly  in  going 
from  25-  to  1 3-mm-diameter  flyers,  but  rise  dramati- 
cally for  some  compositions  in  going  from  1 3-  to 
6-mm-diameter  flyers  (see  Fig.  5).  This  phenomenon 
is  probably  related  to  the  failure  diameter  of  TATB. 
These  data  show  that  to  obtain  proper  detonation 
performance  TATB  needs  to  be  initiated  over  a much 
larger  area  than  HMX-based  explosives. 

Using  the  same  experimental  method  as  for  TATB, 
we  measured  the  flyer  velocity  threshold  for  PBX- 
9404  using  25-mm-diameter  flyers  (4).  The  results 


showed  that  the  threshold  velocity  (~1 .9  km/s)  of 
this  HE  is  significantly  below  that  of  the  most  sensi- 
tive TATB  tested  (pure,  fine-particle  material  at  a 
density  of  1 .70  Mg/m3).  Thus,  in  terms  of  thin-flyer 
initiation,  even  the  lower-density,  no-binder  composi- 
tions of  TATB  remain  very  insensitive. 

?o.  most  of  the  experiments  described  thus  far  we 
n!sc- . *a  >ured  the  transit  time  of  the  detonation 
• 1 r i i'ATB  pellets.  The  measured  transit  times 
iv  ’ong  pellets  do  not  vary  significantly  (less 

thi  ji  the  various  compositions  and  densities 

ter  're  is  virtually  no  difference  in  transit  time 

a • itrmerature  (-54°C)  for  any  composition 
ter,  4.  However,  as  the  flyer  velocity  is  decreased  to 
near  threshold  conditions  (within  0.5  km/s  of  thresh- 
old), the  transit  time  begins  to  increase  (see  Fig.  6). 

The  short  pulse  experiments  are  summarized  by 
the  data  in  Table  1 . Flyer  kinetic  energy  thresholds, 


TABLE  1 


"Short"  Pulse  Initiation  Threshold  Data  from  Electrically  Accelerated  Thin  Flyer  Experiments 


Composition 

TATB/KKL-F 

Blend 

(See  Fig.  1) 

Density 

(Mg/m3) 

Flyer  Velocity  Threshold— km/s 

25-mm  Flyer  Dia. 

12.7-mm  Flyer  Dia. 

6. 3 -mm  Flyer  Dia. 

Any 

Breakout 

Flat 

Breakout 

Any 

Breakout 

Diverging 

Breakout 

Any 

Breakout 

Diverging 

Breakout 

90/10 

B-226 

1.80 

3.5-3 .8 

3.84.0 

90/10 

B-226 

1.70 

3. 2-3 .5 

3.5 

92.5/7.5 

B-226 

1.91 

4.24.6 

95/5 

B-226 

1.90 

4.24.6 

95/5 

B-226 

1.88 

3.84.0 

>4.0 

3.94.2 

6.1-1. 5 

9.0-9 .2 

>10.3 

95/5 

B-226 

1.85 

3. 5 -3 .8 

3.84.0 

3.5-3 .8 

3.94.5 

95/5 

B-226 

1.80 

3.2-3 .5 

3.54.0 

3. 4-3.6 

3.5-3.1 

6.3-8.2 

>10.3 

95/5 

B-226 

1.70 

2.8-3 .0 

3. 0-3.2 

2.9-3 .2 

29-3.2 

9. 0-9 .4 

9.4-10.3 

95/5 

B-226 

1.50 

2.8-3 .0 

3.54.0 

100/0 

B-226 

1.85 

3. 2-3. 5 

3.54.0 

4.24.5 

5.5-6.3 

100/0 

B-226 

1.30 

2.8-3 .0 

3. 0-3 .2 

4.24.8 

4.24.8 

100/0 

B-226 

1.70 

2.4-2 .6 

2. 6-2.8 

3.4-3 .8 

4-5 

100/0 

B-317 

1.85 

3. 1-3.5 

>3.5 

100/0 

B-317 

1.80 

2.7-2 .9 

2.1-19 

2.7-3.0 

2.7-3.0 

3.84.2 

3.84.2 

100/0 

B-317 

1.70 

2.4-2 .6 

2. 4-2.6 
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neglecting  critical  diameter  effects,  vary  from  1.0  to 
5.1  MJ/m2.  Kinetic  energy  threshold  data  for  the 
92.5/7.5  TATB/KEL-F  composition  is  shown  on 
Fig.  7 together  with  threshold  data  using  0.5-mm 
thick  PET  flyers  and  data  from  gun  experiments  to  be 
described  below. 

Long  Pulse  Initiation 

Gun-accelerated  flyer  plates  were  used  to  achieve 
longer  duration  (0.2-0.6  ps  for  the  first  shock  rever- 
beration in  the  flyer  plate)  impulses  at  pressures  that 
ranged  from  1 5 to  20  GPa.  Piezo-electric  pins  are 
used  to  determine  flyer  plate  velocity,  time  of  arrival 
and  tilt  at  the  HE  front  surface,  and  shock  arrival 
times  at  the  various  back  surfaces  of  the  HE.  The 
planarity  of  the  flyer  plate  is  maintained  by  a 200 
kg/m3  carbon  foam  disk  between  the  front  of  the 
projectile  and  the  flyer  plate,  using  a method  reported 
by  Wasley  et.  al.  (7).  The  gun  used  to  propel  the 
flyer  plate  assembly  has  a 101-mm-dia.  X 18-m  long 
smooth  bore  barrel.  The  velocity  capability  is  2.0 
km/s  with  a 0.8  kg  projectile  using  1800  g of  cannon 
powder.  Using  a 0.8  kg  projectile  the  gun  has  a 1 .7 
km/s  capability  with  a double-diaphragm  helium 
breech,  while  with  a Wilson  valve  breech  a 1 .0  km/s 
velocity  can  be  achieved.  A reduced  pressure  of  1 1 
Pa  or  less  is  maintained  over  the  test  sample  before 
impact  to  eliminate  air-cushion  effects. 

“Long”-pul8c  initiation  data  on  90/10  TATB/ 
KEL-F  at  a density  of  1 .92  Mg/m3  and  92.5/7.5 
TATB/KEL-F  at  a density  of  1 .90  Mg/m3  appears  in 


Fig.  4.  Side  view  of  a TA  TB  pellet.  Two  parameters 
used  to  quantify  the  propagation  of  the  detonation 
Jront  are:  the  time  from  detonation  breakout  at 
point  “ A ” to  breakout  at  point  “B"  ("comer  delay 
time"),  and  the  length  of  the  detonation  along  the 
side  of  the  pellet  ( ‘side  bum  "). 


Table  2.  For  comparison,  PBX-9404  at  a density  of 
1 .84  Mg/m3  requires  a flyer  plate  kinetic  energy  of 
0.64  MJ/m2  which  remains  relatively  constant  over 
the  pressure  range  4 to  10  GPa  (4,6,8).  The  initia- 
tion data  on  TATB  from  gun  experiments  give  some 
indication  of  a trend  toward  lower  minimum  initia- 
tion energy  with  increasing  pressure,  but  when  these 
data  are  compared  with  the  short  pulse,  higher  pres- 
sure data,  the  trend  becomes  unmistakable.  (See 
Fig.  7.)  The  minimum  energy  required  is  a factor  of 
three  less  at  the  highest  pressure  measured.  This  is  in 
contrast  to  the  behavior  of  PBX  9404  as  discussed 
above,  where  the  line  between  initiation  and  failure 
seems  to  hold  at  constant  energy  over  a wide  range  of 
pressures. 

Sustained  Pulse  Initiation 

Sustained  pulso  initiation  was  achieved  using  gun 
accelerated  flyer  plates  and  conventional  wedge  shock 
initiation  techniques.  The  gun  experimental  system 
was  described  above  under  Long  Pulse  Initiation.  For 
sustained  pulses  the  flyer  plate  thickness  was  typically 
about  6 mm.  The  wedge  type  experiments  have  been 
described  elsewhere.  See,  for  example  (5).  In  these 
experiments  we  investigated  the  effects  of  pressure 
and  temperature  on  various  compositions  and  densi- 
ties of  TATB/KEL-F  formulations. 


Flyer  diameter  (mm) 


Fig.  5.  blyer  velocity  threshold  regions  are  shown  for 
(wo  compositions  of  TATB. 
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Fig.  6.  Transit  time  of  the  detonation  through 
19-mm  long  pellets  vs  flyer  velocity  for  95%  TA  TB 
(B-226)/S%  KEL-Fat  a density  of  1.80  Mg/m3. 
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Fig.  7.  Threshold  flyer  kinetic  energy  is  shown  for 
92.5/7.5  TA  TB/KEL-F,  p * 1.90  Mg/m3. 


TABLE  2 

“Long”  Tulse  Initiation  Data  from  101-mm  Gun  Experiments  on  TA  TB/KEL-F  Formulations 


Composition 

TATE/KEL-F 

Density 

Mg/m3 

Flyer 

Pressure 
into  HE 
GPa 

Excess  Transit  Time  (jus) 

Critical 

Energy 

MJ/m2 

Thickness 

mm 

Velocity 

km/s 

Density 

Mg/m3 

Long  Pulse 

Sustained  Pulse 
(Fig.  8) 

wmm 

mm 

0.80  Brass 

1.839 

8,39 

15.3 

Nc  det. 

0.42 

>11.3 

wm 

1 .02  Brass 

1,873 

8.53 

15.8 

0.52 

0.37 

13.6 

90/10 

1.92 

0.93  Brass 

1.880 

8.53 

15.9 

0.89 

0.36 

13.6 

1.92 

0.66  Brass 

1.893 

8.53 

16.1 

No  det. 

0.35 

>10.0 

1.92 

0.46  Ta 

1.830 

16,65 

17.6 

0.59 

0.25 

12.3 

90/10 

1.92 

0.44  Ta 

1.940 

16.65 

19.2 

0.18 

12.7 

92.5/7.S 

1.90 

0.77  Brass 

1.860 

8,53 

15.6 

0.37 

0.19 

11.0 

92.5/7.5 

1.90 

0.66  Brass 

1.977 

8.53 

17.0 

0.37 

0.12 

10.8 

92.5/7.5 

1.90 

0.66  Brass 

2.034 

8.53 

17.7 

0.14 

0.10 

10.3 

92.5/7.5 

1.90 

0.69  Brass 

2.089 

8.53 

18.5 

<0.2 

0.08 

<12,5 

Sustained  pulse  initiation  data  on  90/10  TATB / 
KEL-F  at  density  1 .92  Mg/m3  and  92.5/7.5  TATB/ 
KEL-F  at  densities  1 .90  and  1 .81  Mg/m3  appear  in 
Table  3.  The  results  of  -44°C  and  +68°C  wedge  ex- 
periments on  the  92.5/7.5  formulation  (ambient  tem- 
perature density  1 .90  Mg/m3)  are  also  tabulated.  The 
distance  to  detonation  vs  initiating  pressure  is  plotted 
on  a log-log  scale  in  Fig.  8.  The  uncertainty  in  dis- 
tance to  detonation  in  the  gun  experiments  is  about 
± 1 mm,  while  the  uncertainty  in  the  wedge  experi- 
ments is  about  ±0.2  mm.  Fressure  measurements  for 
both  experimental  methods  are  probably  good  to  a 
few  percent.  The  nonreactive  Hugoniot  equation  of 
state  used  for  the  92.5/7.5  formulation  at  density 
1 .90  Mg/m3  was 

U,  = 2.33  + 2.32  Up>  all  in  km/s. 

The  equation  was  derived  from  the  gun  experiments 
and  wedge  experiments  described  above  and  from 
some  additional  ultrasonic  data. 

It  would  appear  that  density  is  more  important 
than  composition  in  the  detonation  buildup  of  high 
density  TATB/KEL-F  formulations.  These  data  are 
discussed  further  in  the  section  on  temperature  ef- 
fects. 


DETONATION  WAVE  PROPAGATION 

One  of  the  most  unusual  properties  of  TATB  is  the 
behavior  of  its  detonation  wave  as  it  travels  through 
the  explosive.  HMX-based  explosives,  such  as  PBX- 
9404,  appear  to  detonate  in  all  directions  from  the 
point  of  initiation  at  nearly  the  same  velocity.  An  ex- 
ample of  the  propagation  of  the  detonation  through  a 
composition  of  TATB  containing  5%  KEL-F  800 
binder  is  shown  in  Fig.  9.  Tire  HE  adjacent  to  the 
area  of  flyer  impact  does  not  detonate  at  all.  It  is 
possible,  particularly  in  higher-density  TATB,  to  det- 
onate a hole  directly  through  fairly  long  (~40  mm) 
pellets  leaving  unrcacted  HE  around  the  hole  (Fig.  9). 

The  difficulty  in  obtaining  a good,  diverging  deto- 
nation in  some  compositions  of  TATB  led  us  to 
mount  the  HE  pellets  inside  a Lucite  cone  (Fig.  3)  so 
that  we  could  view  the  side  as  well  as  the  bottom  of 
the  pellets.  We  used  two  parameters  to  quantify  the 
divergence  of  the  detonation:  comer  delay  time,  the 
time  difference  between  breakout  of  the  detonation 
at  the  center  and  the  comer  of  the  pellet  (points  A 


and  B in  Fig,  4);  and  side  burn  (S),  the  length  of  deto- 
nation bum  observed  along  either  side  of  the  pellet 
(Fig.  4). 

Some  of  our  measurements  of  these  parameters  are 
shown  in  Figs.  10  thru  13.  The  effects  of  density  and 
binder  are  shown  on  Figs.  10  and  1 1.  The  corner  de- 
lay time  vs  density  (Fig.  10)  is  plotted  for  composi- 
tions having  10%  KEL-F-800  binder,  5%  binder  and 
no  binder.  The  side  bum,  S,  is  also  shown  (Fig.  1 1) 
for  the  same  experiments. 

Figures  12  and  13  show  the  effects  of  particle  size 
and  temperature.  TATB  data  from  the  two  particle 
size  distributions  shown  in  Fig.  1 are  compared  at  am- 
bient temperature  and  at  -54^C.  The  effects  of  par- 
ticle size  on  divergence  are  significant.  For  example, 
the  comer  delay  time  for  fine-particle  TATB  initiated 
by  6.3  mm  diameter  flyers  is  0,56  ps  (only  12% 
longer  than  the  comer  delcy  time  at  ambient).  The 
coarse  particle  TATB,  however,  will  not  produce  a 


Fig.  H,  Sustained  pulse  initiation  data  on  TA  Tb/ 
KEL-F  formulations  at  various  temperatures. 
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Fig.  9.  Propagation  of  a detonation  front  in  TATIi  ( B-226 ) containing  5%  binder.  On  the  left  a flyer  having  a 
velocity  of  4.2  km/s  detonates  a hole  into  pressings  of  density  1.89  Mg/m3.  No  detonation  breakout  was  ob- 
served from  the  38-mrr.  long  pressings.  On  the  right  a flyer  having  a velocity  of  5.0  km/s  initiates  a diverging 
detonation  in  pressings  of  1.80  Mg/mJ.  Both  figures  represent  compilations  of  a number  of  experiments  using 
charges  of  varied  sizes  and  shapes. 
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Fig.  11.  Side  bum, l see  Fig.  4)  vs  density  for  the  same 
experiments  shown  in  Fig.  10, 


Fig.  10.  Comer  delay  time  (see  Fig,  4)  vs  density. 
The  flyer  velocity  was  ~7  km/s. 


762 


1 


consistently  diverging  detonation  under  the  same  ini- 
tiation conditions.  (Holes  were  detonated  through 
the  pellet  as  in  Fig,  9.) 

We  have  found  that  the  divergence  of  the  detona- 
tion wave  in  TATB  is  made  more  ideal,  over  the 
ranges  indicated,  by  anv  of  the  following  changes: 
decreasing  the  HE  density  (1.91-1.70  Mg/m3);  de- 
creasing the  amount  of  binder  in  the  HE  (10%-0%); 
decreasing  the  particle  size  of  the  HE  powder  (58-18 
jum  average  diameter);  increasing  the  flyer  velocity 
(2X1-10  km/s),  increasing  the  environmental  tempera- 
ture (-54  to  +74°C). 

The  ranges  given  are  those  over  which  our  experi- 
mental data  extend.  The  divergence  seems  to  im- 
prove smoothly  over  these  ranges,  and  the  various 
parameters  can  be  traded  off  against  one  another. 


fig.  12.  Comer  delay  time  (see  Fig.  4)  vs  flyer  diam- 
eter. The  flyer  velocity  was  ~6.5  km/s.  Blends  of 
TA  TB  having  different  particle  size  distributions  (see 
Fig.  1)  are  compared  at  both  ambient  and  low 
(~54°C)  temperature. 


TEMPERATURE  EFFECTS 

Sustained  pulse  and  short  pulse  experiments  were 
conducted  where  the  sample  temperatures  were  var- 
ied over  the  range  -54°C  to  +74°C.  The  sustained- 
pulse  experiments  were  done  on  high  density  ( — 1 .90 
Mg/m3)  TATB  and  the  material  was  observed  to  have 
a shorter  run  to  detonation  at  elevated  temperatures 
and  a longer  run  to  detonation  at  lower  temperatures. 
These  data  are  shown  on  Fig.  8 and  on  Table  3.  While 
the  change  in  run  to  detonation  could  be  attributed 
to  the  change  in  density  of  the  TATB  with  tempera- 
ture, this  may  not  be  justified  based  on  present 
understanding  of  initiation  mechanisms.  The  change 
in  density  of  the  sample  is  not  accompanied  by  a 
change  in  the  degree  of  inhomogeneity  since  the  per- 
cent voids  will  remain  about  the  same.  The  bulk  of 
the  change  in  distance  to  detonation  at  a given  initiat- 
ing pressure  is  more  plausibly  explained  by  a change 
in  the  rate  of  chemical  reaction  due  to  the  difference 
in  temperatures. 

The  short  pulse  experiments  were  conducted  on 
lower  density  (~1 .80  Mg/m3)  TATB.  The  propaga- 
tion of  the  detonation  wave  was  significantly  temper- 
ature dependent,  as  shown  in  Figs.  12  and  13.  For  a 
fixed  flyer  impact  velocity,  we  observed  a pronounced 
increase  in  the  curvature  of  the  detonation  front  as 
the  temperature  was  lowered.  The  critical  initiation 
energy , however,  did  not  vary  with  temperature. 


Fig,  13.  Side  bum  (see  Fig.  4)  vs  flyer  diameter  for 
the  same  experiments  shown  in  Fig.  12. 
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In  comparing  the  short  pulse  and  sustained  pulse 
temperature  effects,  we  note  that  both  the  increase 
in  run  to  detonation  and  the  increase  in  wave  front 
curvature  are  consistent  with  a temperature-dependent 
reaction  rate.  We  cannot  directly  compare  the  critical 
initiation  energy  data  with  the  sustained  pulse  data 
since  the  relationship  between  critical  initiation  en- 
ergy and  run  to  detonation  has  not  been  established. 
We  also  measured  transit  time  of  the  detonation  in 
the  short  pulse  experiments,  but  do  not  have  suffi- 
cient data  to  determine  whether  the  transit  time  near 
threshold  is  temperature  dependent. 

CONCLUSION 

Our  studies  of  the  detonation  properties  of  TATB 
have  uncovered  and  characterized  many  of  the  un- 


expectedly large  changes  in  the  divergence  of  the 
detonation  wave  in  TATB  when  various  HE  parame- 
ters are  changed.  We  have  also  determined  the  thresh- 
old flyer  velocities  (critical  flyer  kinetic  energy)  re- 
quired to  initiate  various  formulations  of  TATB  and 
have  investigated  the  transit  time  of  the  detonation 
through  pellets  of  the  explosive.  While  HMX-based 
explosives  (PBX-94Q4)  show  a relatively  constant 
minimum  initiation  energy  over  a wide  range  of  initia- 
tion pressures  (4,6,8),  the  data  reported  here  show 
that  not  all  explosives  follow  this  pattern. 

The  characterization  of  TATB  still  leaves  much 
room  for  investigation,  particularly  in  the  effects  of 
HE  particle  size  and  in  the  explosive’s  behavior  under 
differing  means  of  initiation.  The  relationship  be- 
tween run  distance  to  detonation  and  critical  initia- 
tion energy  should  be  investigated.  The  mechanism(s) 


TABLE  3 


Sustained  Pulse  Initiation  Data  from  Wedge  and  Gun  Experiments  on  TATB/KEL-F  Formulations 


Composition 
TATB/KEL-F  800 

Density 

(Mg/m3) 

Experiment 

Pressure  into 
HE(GPa) 

Excess  Transit 
Time  (//s) 

Distance  to 
Detonation  (mm ) 

Temp. 

Type 

90/10 

1.92 

Amb. 

Gun 

10.6 

1.76 

27.5 

90/10 

1.92 

Amb. 

Gun 

11.3 

1.12 

18.7 

90/10 

1.92 

Amb. 

Gun 

13.6 

0.84 

14.7 

90/10 

1.92 

Amb. 

Gun 

15.6 

0.40 

8.1 

90/10 

1.92 

Amb. 

Gun 

16.0 

0.32 

6.6 

90/10 

1.92 

Amb. 

Gun 

18.2 

0.21 

4.5 

92.5/7.5 

1.90 

Amb. 

Gun 

10.9 

0.99 

16.7 

92.5/7.5 

1.90 

Amb. 

Wedge 

13.5 

0.32 

7.2 

92.5/7.5 

1.90 

Amb. 

Gun 

15.4 

0.24 

5.6 

92.5/7.5 

1.90 

Amb. 

Wedge 

17.3 

0.11 

3.6 

92.5/7.5 

1.90 

Amb. 

Gun 

17.5 

0.16 

3.5 

92.5/7.5 

1.90 

Amb, 

Wedge 

20.9 

0.034 

1.9 

92.5/7.5 

1.81 

Amb. 

Wedge 

7.2 

0.97 

11.4 

92.5/7.5 

1.81 

Amb. 

Wedge 

7.6 

0.74 

9.3 

92.5/7.5 

1.81 

Amb. 

Wedge 

12.9 

0.15 

3.0 

92.5/7.5 

1.92 

-44°C 

Wedge 

14.2 

0.50 

11.6 

92.5/7.5 

1.92 

-44°C 

Wedge 

17.6 

0.16 

4.6 

92.5/7.5 

1.88 

+68°C 

Wedge 

10.8 

0.53 

8.5 

92.5/7.5 

'..88 

+68°C 

Wedge 

14.2 

0.28 

4.8 

governing  the  propagation  of  the  detonation  front  for 
various  compositions,  initiation  pulses,  and  tempera- 
tures should  be  modeled  on  a fundamental  level.  The 
effects  observed  in  TATB  may  be  indicative  of  similar 
effects  which  may  occur  on  a much  smaller  scale  in 
other  pressed  organic  explosives.  If  this  is  true, 
TATB-like  explosives  provide  an  especially  useful  tool 
for  studying  the  general  initiation  and  detonation 
properties  of  high  explosives. 
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COMPUTED  AND  EXPERIMENTAL  HUGONIOTS  FOR 
UNREACTED  POROUS  HIGH  EXPLOSIVES 


John  0.  Erkman  and  David  J.  Edwards 
Naval  Surface  Weapons  Center 
White  Oak  Laboratory 
Silver  Spring,  Maryland  20910 


A theory  of  the  response  of  porous,  nonreactive  materials  to  shock  has  been  applied 
to  a potential  reactive  material,  porous  TNT.  The  computed  Hugoniots  which  are 
based  on  this  theory  were  generated  and  confirmed  by  obtaining  an  experimental 
Hugoniot  for  TNT  at  a density  of  0. 98  g/cc.  The  calculated  and  experimental 
Hugoniots  agree  to  within  2 kbar  over  the  range  0.35  to  1. 72  mm/psec  and  3. 6 to 
55  kbar  in  the  particle  velocity  and  pressure,  respectively.  Other  experimental  data 
on  TNT  have  been  compared  with  our  results.  Computer  Hugoniots  are  compared 
with  both  experimental  and  computed  results  found  in  the  literature  for  several 
explosives. 


INTRODUCTION 

A knowledge  of  the  Hugoniot  of  unreacted  explo- 
sives is  required  to  interpret  transitional  phenomena 
in  explosives  and  to  determine  the  shock  sensitivity 
of  explosives  (1).  For  example,  the  Naval  Surface 
Weapons  Center  Large  Scale  Gap  Test  (LSGT)  (2,3)  is 
used  to  determine  the  relative  shock  sensitivity  of 
explosives.  Tire  LSGT  is  calibrated  to  give  the  pres- 
sure in  the  gap  material  as  a function  of  gap  length. 
But  after  a determination  of  the  critical  gap  pressure 
for  initiating  detonation,  the  question  still  remains: 
What  is  the  critical  pressure  transmitted  to  the  test 
explosive?  This  question  cannot  be  answered  without 
a knowledge  of  the  Hugoniot  of  the  unreacted  explo- 
sive. 

The  usual  method  employed  to  obtain  the 
Hugoniot  of  a material  is  to  perform  a series  of  exper- 
iments which  measure  two  of  the  following  variables: 
shock  velocity,  particle  velocity,  pressure,  and 
volume.  There  arc  two  drawbacks  to  this  approach 
for  porous  (granular)  explosives.  (1)  Because  porous 
explosives  react  very  readily,  it  is  difficult  to  measure 
any  of  the  above  variables  for  the  unreacted  state. 


(2)  Because  a new  Hugoniot  is  needed  for  every 
density,  this  approach  rapidly  becomes  expensive. 
However,  computational  methods  have  been  devel- 
oped which  yield  the  Hugoniot  of  inert,  porous  mate- 
rials when  the  Hugoniot  of  the  nonporous  material  is 
known.  If  these  computational  methods  can  be  ap- 
plied to  porous  explosives,  much  work  and  expense 
can  be  saved. 

In  this  study,  the  authors  have  applied  these  com- 
putational methods  to  porous  TNT  for  a range  of 
densities  from  1 .60  to  0.98  g/cc.  This  method  was 
confirmed  by  experimentally  obtaining  the  Hugoniot 
for  unreacted  TNT  at  a density  of  0.98  g/cc  over  the 
range  of  particle  velocities  of  0.350-1 .720  mm/psec 
and  of  pressures  of  3.6-55.0  kbar.  The  electro- 
magnetic velocity  (EMV)  gage  (4)  was  used  in  con- 
junction with  the  known  Hugoniot  data  of  the 
attenuator  material  (PMMA)  to  obtain  the  Hugoniot 
data  for  unreacted  TNT  at  0.98  g/cc.  The  EMV  gage 
follows  particle  velocity  as  a function  of  time.  The 
gage  was  mounted  at  the  inert/TNT  interface  and 
responded  to  the  particle  velocity  at  the  interface.  In 
the  pressure  range  (3.6-55.0  kbar)  covered  in  this 
work,  some  finite  induction  period  is  required  before 
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reaction  occuis  in  the  TNT.  The  EMV  gage  leads 
were  covered  by  a thin  layer  of  mica  to  insulate  them 
from  any  reacting  products. 

COMPUTATIONAL  MODELS 

A computational  model  which  reproduces  the 
response  of  porous  materials  to  shock  has  been  used 
by  several  researchers  (5,6,7).  It  has  been  usefully 
applied  to  a wide  variety  of  materials-metals,  graph- 
ite, plastics,  boron  nitride  and  others— all  of  which  are 
nonreactive.  Successful  application  of  this  model  to 
potentially  reactive  materials,  such  as  porous  explo- 
sives, has  the  advantage  of  expediting  the  studies  of 
these  materials  by  saving  much  experimental  effort. 
The  model  requires  a knowledge  of  the  equation  of 
state  of  the  material  under  study  in  solid  (voidless) 
form.  This  is  furnished  by  a curve  or  relation  giving 
the  Hugoniot  of  the  solid  and  a relation  for  comput- 
ing the  Gruneiscn  parameter,  P(v).  Because  of  the 
lack  of  data,  we  have  had  to  assume  that  the 
Gruneisen  parameter  is  a constant  in  our  computa- 
tions. 

The  relation  between  the  Hugoniots  of  the  solid 
and  porous  material  is  obtained  as  follows.  The 
Gruneisen  equation  of  state  is  written  as: 


where  c0  and  S are  sound  speed  and  slope  of  the  U-u 
relation,  respectively.  (P0  of  the  momentum  equa- 
tion is  negligable  compared  to  Fs  and  is  assumed  to  be 
zero.)  With  the  above  mentioned  approximations, 
liquations  (2,3)  will  yield  the  Hugoniot  of  the  porous 
material. 

Dremin,  Shvedov,  and  Avdonin  (9)  used  a more 
involved  method  for  calculating  the  Hugoniots  of 
porous  materials.  The  method  is  described  in  some 
detail  by  Al’tschulcr,  et  al.  (10).  Zel’dovich  and 
Raizcr  (1 1)  also  describe  the  method.  The  method 
starts  with  the  use  of  the  caloric  equation  of  state 

P + ^7  = P(E-  Ec)/v  f4) 

where  the  subscript  c refers  to  the  0°K  isotherm. 

This  is  the  chief  difference  between  this  method  and 
the  one  described  above  which  uses  the  Hugoniot  of 
the  solid  as  the  reference  thermodynamic  path, 
Equation  (4)  is  specialized  to  describe  a Hugoniot  by 
replacing  E by  0.5  P(v0  - v),  the  change  in  energy 
across  a shock.  There  results 

dEc  PPji 

v d7 + Ec " ~r(vo' v" 2v/r)- 


Pf  - Ps  - (r/v)(Ef-Es)  (1) 


where  P,  v,  and  E are  the  pressure,  specific  volume, 
and  specific  internal  energy,  respectively,  and  the 
subscripts  f and  s refer  to  the  porous  and  solid  mate- 
rial, respectively.  The  Rankin-Hugoniot  energy  equa- 
tions for  both  materials  arc  then  substituted  into 
Equation  (1).  Next,  the  assumption  is  made  that  the 
zero  pressure  internal  energy  of  the  two  materials  arc 
equal  (5,8).  This  yields 


Pf  - Ps 


Vos  - v - 2v/P 
Vof  - V - 2v/r 


(2) 


The  subscript  H means  that  the  pressure  is  evaluated 
along  the  Hugoniot  curve.  ATlshuler,  et  al.  show  how 
Equation  (5)  can  be  converted  into  an  integral  equa- 
tion which  can  be  solved  numerically.  The  reason  for 
doing  this  is  that  Ec  is  a function  of  the  volume 
which  has,  so  far,  not  been  specified,  in  order  to 
solve  ihc  equation,  the  function  P|i(v)  must  be 
known,  usually  from  experiments.  If  the  variable  Pis 
also  treated  as  a function  of  the  volume,  it  also  must 
be  specified.  Dremin,  ct  al.  treated  P as  a constant,  as 
will  be  done  throughout  this  paper.  Once  Ec(v)  is 
known,  the  Huguiilot  of  the  same  material  in  porous 
form  can  be  obtained  from  Equation  (5).  That  is, 


where  the  subscript  o refers  to  the  zero  pressure 
state.  An  expression  for  P»  is  obtained  by  using  (he 
Rankin-Hugoniot  momentum  and  mass  flow  equa- 
tions along  with  a linear  shock  velocity-particle  veloc- 
ity (U-u)  relation  and  solving  for  Pt  in  the  momentum 
equation.  This  yields 


Pll(vof.v)  = (~-^C  + 2 pjj /(vof  - v - 2v/r).  (6) 

As  in  the  derivation  of  Equation  (2),  it  is  assumed 
here  that  the  surface  energy  of  the  porous  material 
can  be  neglected. 

Because  Ec(v)  is  known  as  a function  of  v,  Equa- 
tion (6)  can  also  be  solved  numerically,  giving 


I vos  “ S(vos-  v)|2 


Pn(vof.v)  as  a function  of  v for  any  specified  value  of 
vQf.  This  Dremin,  Shvedov,  and  Avdonin  (9)  have 
done  for  RDX  (1 .0  g/cc),  tetryl  (0.86  g/cc),  PETN 
(0.82  g/cc),  and  ammonium  nitrate  (0.86  g/cc).  Their 
results  agree  well  with  their  experiment  as  shown  in  a 
later  section  of  this  paper.  We  used  the  model,  Equa- 
tions (2,3),  to  compute  Hugoniots  for  the  same  ex- 
plosives. These  results  will  be  discussed  below. 


EXPERIMENTAL 

The  experimental  configuration  used  in  this  work 
is  shown  in  Fig.  1 . The  pentolite  booster  and  poly- 
methyl methacrylate  (PMMA)  cylinder  constitute  the 
pressure-doner  and  pressure-attenuator  parts,  respec- 
tively, of  the  NAVSURFWPNCEN  Large  Scale  Gap 
Test  LSGT  (2,2).  The  50/50  pentolite  booster  con- 
sists of  two  pellets,  50.8  mm  diameter  by  25.4  mm 
long,  at  a density  of  1 .56  g/cc.  The  PMMA  cylinder  is 
50.8  mm  diameter  and  is  machined  to  the  desired 
length,  x. 

The  electromagnetic  velocity  (EMV)  gage  (4)  con- 
sists of  a rectangular  loop  of  aluminum  foil  0.025  mm 
thick  and  2 mm  wide;  the  effective  gage  base  length 
used  in  this  work  was  1.11  cm.  The  EMV  gage  used 
in  this  work  is  in  the  radial  configuration  (i.e.,  the 
leads  come  out  the  side  of  the  charge)  because  this 
configuration  facilitiates  the  assembly  of  the  setup. 
The  EMV  gage  is  mounted  on  the  surface  of  the 
PMMA  cylinder  and  the  TNT  is  then  pressed  to  the 
desired  density  of  0.98  ± 0.03  g/cc.  The  TNT  is  a 
coarse,  granular  material  and  has  an  average  particle 


side  view  wview 


Fig.  1.  Experimental  Arrangement. 


size  of  approximately  400  p.  The  experimental 
assembly  is  placed  in  a magnetic  field  of  '-'400  gauss 
generated  by  a pair  of  Helmnolt"  coils. 

The  pressure-donor  and  pressure-attenuator  parts 
of  the  LSGT  were  chosen  for  this  work  because  the 
LSGT  is  a calibrated  pressure  vs  distance  (P,x)  and 
particle  velocity  vs  distance  (upc)  system  which  can 
be  used  with  the  Helmholtz  coils  without  destroying 
them.  The  main  drawbacks  of  this  system  are:  (1) 
the  shock  front  in  the  PMMA  is  curved,  and  (2) 
PMMA  is  a viscoelastic  solid.  Earlier  work  with  the 
EMV  gage  (4)  in  curved  shock  fronts  showed  that  the 
main  effect  of  the  curved  fronts  was  to  lengthen  the 
rise  time  of  the  output  signals. 

ANALYSIS  OF  DATA 

The  EMV  gage  record  yields  a particle  velocity  vs 
time  profile  of  the  shock  loaded  TNT  at  the 
FMMA/TNT  interface.  The  governing  equation  for 
this  method  is 

u(t)  = V(t)/(HK'  10-4)  (7) 

where  u(t)  is  the  particle  velocity  as  a function  of 
time  in  mm/psec,  V(t)  is  the  output  voltage  as  a func- 
tion of  time  in  volts,  H is  the  magnetic  field  in  gauss, 
and  £'  is  the  effective  gage  base  length  in  mm.  For 
the  radial  configuration,  .9'  is  the  distance  between 
the  middle  of  the  leads,  see  Fig.  1 . 

The  u,t  daw  e fitted,  for  most  cases,  to  a straight 
line  by  least  squares  using  the  data  from  the  peak 
recorded  value  of  a to  a point  0.5  jusec  beyond  this 
value  (3).  The  velocity  intercept,  ue,  is  then  assumed 
ro  be  the  particle  velocity  at  the  shock  front.  For  the 
lowest  pressure,  the  u,t  curve  had  a long  rise  time 
(500  ns)  and  did  not  have  a sharp  peak.  For  this 
record,  the  peak  of  the  observed  curve  was  used  for 
the  shock-induced  particle  velocity. 

The  rise  time  of  the  u,t  profile  in  the  porous  TNT 
is  longer  than  that  obtained  in  a volidless  solid  by  a 
factor  of  two  or  more.  This  is  apparently  due  to  the 
time-dependent  collapse  of  the  pores  (12). 

Reaction  is  always  a potential  problem  in  the 
experimental  determination  of  the  unreacted 
Hugoniot  of  a shock-sensitive  material.  In  this  study, 
the  experimental  problem  created  by  reaction  is  that 
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explosives  become  electrically  conductive  and  affect 
the  gage  output.  The  TNT  is  going  to  react  to  some 
degree  during  the  0.5  psec  observation  time,  espe- 
cially at  high  pressures.  However,  even  if  the  TNT 
starts  to  react,  the  initial  value  of  the  particle  velocity 
at  the  interface  should  lie  on  the  unreacted 
Hugoniot.  The  reason  for  this  is  the  following.  The 
shock  emerging  from  the  PMMA  is  nonreactive.  Any 
reaction  which  occurs  at  the  interface,  where  the  gage 
is  located,  must  start  at  zero  reaction  and  follow 
some  type  of  rate  law.  Thus,  the  initial  shock  state, 
and  the  particle  velocity  associated  with  this  state, 
must  be  on  the  unrcacted  Hugoniot.  The  problem  is 
to  obtain  this  initial  value  without  interference  from 
reaction.  To  circumvent  this  problem,  it  was  decided 
to  cover  the  EMV  gage  leads  with  an  insulator.  A 
thin  (0.0025  cm)  layer  of  mica  was  used.  A shot  was 
fired  with  two  gages  at  the  interface,  one  with  leads 
covered  with  mica,  the  other  bare.  Figure  2 shows 


the  resulting  u,t  profiles.  The  lower  curve  is  the  bare 
gage  result.  The  t = 0 value  of  the  particle  velocity 
obtained  using  this  curve  would  not  be  very  reliable. 
The  upper  curve  is  the  mica  covered  gage  result  and  is 
similar  to  u,t  curves  obtained  in  inerts.  Thus,  cover- 
ing the  gage  leads  with  an  insulator  (mica)  prevents 
conductivity  from  affecting  the  gage  output  up  to  at 
least  55  kbar  which  was  the  highest  pressure  used  in 
this  study. 

Several  pairs  of  values  of  ue  and  x were  obtained 
by  using  attenuators  of  different  length.  From  these 
data,  and  the  known  Hugoniot  of  PMMA,  the  pres- 
sure, Pc,  at  the  interface  was  obtained  by  impedance 
matching.  From  the  work  of  Schuler  and  Nunziato 
(13)  and  Barker  and  Hollenbach  (14),  it  is  inferred 
that  PMMA  is  a nonlinear,  viscoelastic  material  in  the 
range  7<P<40  kbars.  Using  the  data  of  (13,14)  a 
correction  to  Pe  was  obtained  in  this  range  (15).  The 
data  were  also  adjusted  to  a single  density,  0.98  g/cc 
(15).  The  resulting  data  are  listed  in  Table  1 . 


Fig.  2.  u,t  Profiles  from  Mica  covered  (a)  and  bare 
(b)  EMV  gages  at  PMMA  /TNT  interface. 


TABLE  1 


Hugoniot  Data  for  Porous  TNT,  pQ  = 0.98  g/cc 


Ue 

mm/psec 

Pe 

Kbar 

U 

mm/psec 

V 

cc/g 

Shot  No. 

0.350a 

3.6 

1.05 

0.680 

254 

0.435 

8.4 

1.9.7 

0.795 

257 

0.440 

8.6 

1.99 

0.795 

252 

0.680 

12.0 

1.80 

0.635 

285A 

0.700b 

11.5 

1.68 

0.594 

251 

0.725 

10.4 

1.46 

0.515 

253 

0.772m 

13.2 

1.74 

0.551 

336 

0.793m 

12.7 

1.63 

0.525 

333 

0.794m 

12.7 

1.63 

0.525 

332 

0.960 

17.0 

1.80 

0.478 

293 

1 ,080m 

23.0 

2.17 

0.513 

335 

1.030 

26.3 

2.60 

0.617 

290 

1.330 

40.5 

3.11 

0.583 

316 

1.340 

40.0 

3.06 

0.572 

291 

1 ,340m 

40.0 

3.05 

0.572 

327 

1.720m 

55.G 

3.26 

0.428 

330 

1.720m 

55.0 

3.26 

0.428 

331 

* V4UI  U,l  WUITV. 

b5  mil  gage,  all  others  1 mil. 
mMica  covered  gage  leadi. 
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Data  on  the  dynamic  compressibility  of  1 .0  g/cc 
TNT  has  been  published  by  two  groups  of  investi- 
gators. Vasil’ev,  Bolkhovitinov,  and  Khrisotoforov 
(16)  also  employed  the  EMV  gage  but  the  gage  was 
located  in  the  TNT.  Their  results  are  plotted  in  Fig.  3 
as  open  triangles.  The  results  of  Table  1 are  plotted 
in  Fig.  3 as  solid  circles  for  comparison.  The  errors  in 
pressure  of  our  data  were  computed  using  the  method 
described  in  (15).  The  error  in  particle  velocity  lies 
within  the  size  of  the  circles.  As  is  evident  from  the 
figure,  Vasil’ev’s  results  diverge  from  ours  as  the  pres- 
sure increases.  This  divergence  is  due  to  the  fact  that 
their  gage  is  in  the  TNT  and  is  thus  affected  by  any 
reaction  which  has  built  up.  These  authors  are  aware 
of  this  because  of  observed  buildup  of  the  detonation 
velocity.  Dremin,  Koldunov,  and  Shvedov(17)  have 
investigaged  the  buildup  of  particle  velocity  and 
shock  velocity  in  1 .0  g/cc  TNT  using  the  EMV  gage. 
Although  most  of  their  data  were  obtained  from 
gages  located  in  the  TNT,  Dremin,  et  al  report  some 
results  where  the  gage  was  located  at  the  interface. 
These  interface  data,  which  were  obtained  from  Fiv. 

2 of  (17),  are  plotted  in  Fig.  3 as  open  squares.  A,  ir. 
evident  from  the  figure,  Dremin' s data  agree  very  well 
with  ours. 

The  shock  velocity  (U)-particle  velocity  (u)  repre- 
sentation of  the  Hugoniot  for  0.98  g/cc  TNT  is  ob- 
tained by  using  ue  and  Pe  from  Table  1 and  the 
Rankinc-Hugoniot  momentum  equation.  The  result- 


Fig.  3.  Comparison  of  data  for  porous  TNT. 


ing  shock  velocity  values  are  presented  in  column  3 of 
Table  1 and  plotted  as  a function  of  u in  Fig.  4. 

The  pressure-volume  (P-v)  representation  of  the 
Hugoniot  for  0.98  g/cc  TNT  is  obtained  by  using 
the  Pc  and  ue  data  of  Table  1 and  the  following 
equation: 


v = v0i'  - U(?/Pc  (8) 

where  vQf  is  the  initial  volume  of  the  TNT.  The  cal- 
culated values  of  the  volume  are  presented  in  column 
4 of  Table  1 . Figure  5 is  the  resulting  P,v  plot.  Tire 
errors  in  P and  v were  obtained  using  Equat  ns 
(B7,B8)  of  (15).  The  large  errors  in  volume  ire  due 
to  the  fact  that  even  small  errors  in  P and  u can  cause 
a relatively  large  error  in  v. 

The  experimentally  determined  Hugoniot  for  TNT 
at  0.98  g/cc  can  now  be  compared  with  the  results 
from  computational  models.  The  required  data  for 
Eqs.  (2,3)  are:  the  Hugonoit  of  the  solid  mate- 
rial, a value  of  P(v)  (or  PQ  if  P(v)  is  not  available), 


Fig.  4.  U,u  plot  of  0. 98  g/cc  TNT  Hugoniot. 
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(11) 


and  the  specific  volume  of  the  solid.  The  Hugoniot 
and  P0  for  solid  TNT  at  a density  of  1.614  g/cc  (18) 
are 

U = 2.39  + 2.05  u (9) 

and 

T0  = 0.737  (10) 

where  U and  u are  in  mm/psec.  The  resulting 
Hugoniot  for  unreacted  TNT  at  a density  of  0.98  g/cc 
is  shown  as  the  solid  curve  in  Fig.  3 (P,u  plane). 
Except  for  the  two  pressure  points  at  ~8.5  kbar,  the 
calculated  Hugoniot  agrees  with  the  experimental 
data  to  within  the  calculated  error  in  pressure  and 
particle  velocity.  The  data  at  ~8.5  kbar  are  better 
explained  in  the  P-v  plane  and  will  be  discussed  be- 
low. 

The  calculated  Hugoniot  for  0.98  g/cc  TNT  in  the 
U,u  plane  is  plotted  in  Fig.  4 as  a solid  curve.  Except 
for  the  two  data  points  at  u~0.44  mm//isec  and 
U~1 .98  mm/Msec,  the  calculated  Hugoniot  agrees 
with  the  experimental  data.  As  mentioned  above, 
these  two  data  points  are  more  profitably  discussed  in 
the  P.v  plane.  The  experimental  data  (omitting  the 
aforementioned  data  points)  were  fitted  to  a straight 
line  by  the  mel'tod  of  least  squares  and  the  resulting 
equation  is 


Fig.  5.  P,v  plot  of  0.98  g/cc  TNT  Hugoniot. 


U = 0.366  + 1.813  u 

where  U and  u are  in  mm/psec.  The  calculated 
Hugoniot  for  this  density  is  nearly  a straight  line. 

The  constants  for  this  straight  line  were  determined 
by  fitting  the  computed  results  to  a straight  line  by 
the  method  of  least  squares.  The  resulting  equation  is 

U = 0.307  + 1 .848  u.  (12) 

The  experimental  result  is  essentially  parallel  to,  but 
lies  0.059  mm/psec  above  the  calculated  Hugoniot. 

In  the  P,v  plane  (Fig.  5),  the  calculated  Hugoniot 
is  again  plotted  as  a solid  curve.  The  agreement  be- 
tween the  experimental  data  and  the  calculated 
Hugoniot  does  not  seen  to  be  as  good  as  in  the  P,u 
and  U,u  planes.  But  as  was  mentioned  above,  a large 
error  in  the  value  of  v can  result  from  small  errors  in 
P and  u.  Taking  this  fact  into  account,  the  agreement 
is  reasonable.  The  two  data  points  at  P~8.5  kbar  and 
v * 0.795  cc/g  of  Fig.  5 correspond  to  the  two  data 
points  in  the  P,u  and  U,u  planes  which  did  not  agree 
with  the  calculated  Hugoniot  (Figs.  3 and  4).  These 
two  data  points  probably  lie  on  the  crushup  portion 
of  the  Hugoniot.  The  dashed  line  in  Fig.  5 represents 
a possible  crushup  path  of  the  Hugoniot.  It  is  an 
arbitrary  straight  line  originating  at  v0f  and  ending  at 
the  calculated  Hugoniot.  However,  there  are  too  few 
data  available  to  properly  define  this  portion  of  the 
Hugoniot.  Another  possibility  which  could  explain 
the  position  of  these  two  data  points  is  that  melting 
of  the  TNT  may  be  occurring.  This  possibility  has 
been  investigated  but  no  conclusions  about  melting 
could  be  drawn  because  buildup  to  detonation 
occurred  too  rapidly  and  erased  any  hint  of  c phase 
change  (15). 

Data  on  five  other  porous  explosives  are  available 
in  the  Russian  literature  from  which  the  unrcacted 
Hugoniots  can  be  calculated  and  compared  with  ex- 
perimental results.  Densities  of  the  porous  ex- 
plosives, the  coefficients  for  the  relation  U * c0  + Su 
for  the  solid  materials,  and  values  of  F0  for  each 
explosive  are  given  in  Table  2. 

Data  for  NB-40  (60%  pyroxyline,  40%  nitro- 
glycerine) are  from  Reference  (19);  the  remainder  are 
from  (9).  Computed  and  experimental  results  are 
shown  for  NB-40  in  Fig.  6 as  a plot  of  shock  velocity 
as  a function  of  particle  velocity.  The  experimental 
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TABLE  2 


Parameters  for  Five  Explosives  for  the  Herrmann  Model 


Explosive 

Density 

g/cc 

C0 

mm/Msec 

S 

To 

Density  of  Solid 
g/cc 

Ref. 

NB-40 

1.00 

1.70 

1.85 

1.50 

1.63 

19 

RDX 

1.00 

2.87 

1.61 

2.60 

1.80 

9 

Tetryl 

0.36 

2.17 

1.91 

1.65 

1.73 

9 

PETN 

0.82 

2.42 

1.91 

1.70 

1.77 

9 

AN 

0.86 

2.20 

1.96 

0.90 

1.73 

9 

PARTICli  VCIOCITY,  u . mm/ 


Fig.  6.  Comparison  of  experimental  and  computed 
Hugonints  for  NB-40  at  1.0  g/cc. 


results  are  closely  approximated  by  the  results  using 
Equations  (2,3)  (solid  curve). 

For  the  other  four  materials  listed  in  Table  2, 
results  are  shown  in  the  U,u  plots  of  Figs.  7 through 
10.  Results  shown  are  (a)  the  experimental  results  as 
reported  in  (9),  (b)  results  of  computations  using 
Equation  (6)  as  given  by  the  same  source  using  the 
values  of  Table  2,  and  (c)  results  computed  with 
Equations  (2,3)  also  using  the  values  of  the  parame- 
ters given  in  Table  2.  Dremin,  et  al.  (9)  reported 
computed  results  at  25,  50, 75,  100,  and  150  kbar. 
These  data  are  plotted  in  Figs.  7 through  10  as  points 
rather  than  as  curves. 


For  tetryl,  PETN,  and  AN,  Dremin,  et  al.  list  two 
values  of  the  shock  velocity  for  each  listed  particle 
velocity.  They  did  this  because  shock  velocity  was 
determined  by  two  different  methods.  Their  directly 
measured  values  of  shock  velocity  for  these  three 
materials  have  been  plotted.  Where  possible,  the 
value  which  they  obtained  by  the  “reflection  tech- 
nique” (i.e.,  impedance  matching)  is  also  plotted. 
They  explain  how  the  coincidence  of  the  results  of 
these  two  methods  assures  them  that  reaction  has  not 
affected  their  results. 

The  agreement  between  experimental  data  and  the 
two  computational  methods  are  summarized  in  Table 
3 for  the  six  explosives  for  which  data  exists.  (No 
attempt  to  adjust  any  of  the  parameters  in  Equations 
(2,3)  was  made.) 

For  AN,  the  computations  in  both  cases  may  be  in 
error  because  of  errors  in  the  Hugoniot  of  the  solid 
AN.  This  material  changes  phase  under  pressure  so 
that  the  Hugoniot  cannot  be  represented  by  a single 
linear  relation  between  shock  and  particle  velocity. 

Equations  (2, 3, 9,1 0)  have  been  used  to  generate 
computed  unreacted  Hugoniots  for  TNT  for  densi- 
ties from  1 .60  to  1 .00  g/cc,  see  Figs.  1 1 and  1 2. 
Note  that  in  Fig.  1 1 the  relation  for  1 .00  g/cc  TNT  is 
very  nearly  linear-this  is  why  Equation  (12)  can  be 
used.  At  greater  initial  densities,  the  relations  tend  to 
become  curved  for  small  values  of  the  particle  veloc- 
ity, that  is,  at  low  pressures.  This  is  noticeable  even 
for  1 .60  g/cc  TNT.  Because  the  crushup  process  has 
been  ignored,  a great  deal  of  importance  cannot  be 
attached  to  this  curvature.  Actually,  the  TNT  U,u 
curves  resemble  those  published  by  Herrmann  (7)  in 
his  Fig.  2 which  is  for  aluminum.  In  his  calculations. 
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Fig.  7.  Comparison  of  experimental  and  computed  Fig.  9.  Comparison  of  experimental  and  computed 

Hugoniots  for  RDX  at  1. 0 g/cc.  Hugoniots  for  PETN  at  6 87  glee. 


Fig.  8.  Comparison  of  experimental  and  computed 
Hugoniots  for  tetryl  at  0.86  g/cc. 


Fig.  10.  Comparison  of  experimental  and  computed 
Hugoniots  for  AN  at  0. 86  g/cc. 
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TABLE  3 


Comparison  of  Computed  and  Experimental  Results  for  Six  Explosives 


lie  neglected  the  clastic  response  of'  the  porous  alumi- 
num. For  iion,  the  curves  become  more  complex,  see 
Fig.  6 of  (7).  In  that  case,  Herrmann  tried  to  account 
for  the  elastic  response  of  the  distended  iron  and  the 
erushup  process.  Therefore,  more  complicated  curves 
than  those  shown  in  Fig.  1 1 might  result  if  compac- 
tion was  taken  into  account. 

summary 

The  present  results  show  that  Hugoniots  for  por- 
ous TNT  can  be  calculated  to  a good  degree  of  ac- 
curacy by  using  the  matfiematical  model  described  by 
Equations  (2,3).  Furthermore,  this  model  reproduces 
experimental  Hugoniots  for  NB-40  (19),  RDX(9), 
and  telryl  (9)  to  a good  degree  of  accuracy.  For 
PETN  and  AN,  this  model  agrees  less  well  with  the 
experimental  data  (9).  This  failure  may  be  due  to 
inaccuracies  in  the  experimental  data  on  the  low 
density  forms  of  each  material,  or  on  the  values  of 
the  parameters  which  are  used  to  describe  the 
Hugoniots  of  the  solid  materials,  or  a combination  of 
these.  Dremin,  et  al.  (9)  do  not  obtain  close  agree- 
ment between  calculated  and  experimental  Hugoniots 
for  AN.  This  material  is  hygroscopic  which  makes  it 
difficult  to  keep  pure  in  experimental  work.  Also,  it 
undergoes  phase  changes  under  pressure.  For  these 
reasons,  the  Hugoniots  of  porous  AN  may  be  difficult 
t model.  In  the  case  of  PETN,  a fairly  sensitive 
exph'sh  e,  reaction  may  have  caused  errors  in  the 
inter j.  nation  of  the  experimental  data,  especially 
with  the  porous  forms  of  the  explosives.  These  errors 
may  exist  in  spite  of  the  precautions  employed  by 
Dremin,  et  al.  (9). 

The  successes  reported  above  lead  to  the  conclu- 
sion that  the  model  used  (Equations  2,3)  is  adequate 
for  predicting  good  approximations  for  the  Hugoniots 
of  porous  explosives.  It  would  be  most  surprising  if 
the  outcome  had  been  negative.  The  model,  and 
variations  of  the  model,  have  been  used  successfully 
(or  years  to  describe  the  compaction  of  poious,  un- 
rcacting  solids  by  shock  waves.  The  difficulty  in 
working  with  explosives  is,  of  course,  their  tendency 
to  react  when  shocked.  This  challenges  the  experi- 
mentalist when  he  tried  to  acquire  Hugoniot  data  for 
explosives  in  either  their  solid  or  porous  form. 

Otherwise,  the  degree  of  success  in  computing  the 
Hugoniot  for  a porous  explosive  depends  on  the 
same  factors  as  for  an  inert  material.  For  example, 


if  the  explosive  undergoes  a phase  change  under  pres- 
sure (hydrostatic  or  by  shock),  the  model  cannot  be 
applied  in  the  form  now  available  to  us.  If  the  solid 
material  does  not  undergo  a phase  change  under  pres- 
sure (and  the  measurements  are  made  before  reaction 
can  proceed  to  any  significant  degree  in  the  experi- 
ment), the  relation  between  the  shock  and  particle 
velocities  is  apt  to  be  linear.  Curvature  in  the  U,u 
relation  for  the  solid  can  be  handled  by  using  a power 
series  which  relates  the  pressure  sure  to  the  volumet- 
ric strain,  t?  = (v„  - v)/v„  (7). 

The  Gruneiscn  parameter  of  the  solid  material 
must  be  known.  Studies  of  the  same  material  in 
both  solid  and  porous  forms  gives,  in  principle,  values 
of  the  Gruneisen  parameter  (17).  Our  TNT  data  are 
too  imprecise  and  too  restricted  in  range  for  us  to  get 
any  improvement  in  the  value  of  F for  TNT.  Dremin 
(9)  and  Veretennikov  (19),  using  this  method,  have 
given  values  of  F for  some  explosives  to  pressures  as 
great  as  200  kbar.  This  is  an  extraordinary  feat,  ex- 
perimentally, in  view  of  the  rapidity  of  the  onset  of 
reaction  in  most  of  these  materials  at  these  higher 
pressures. 
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THE  INFLUENCE  OF  INERT  CASES  ON  AIRBLAST:  AN  EXPERIMENTAL  STUDY 
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Silver  Spring,  Maryland  20034 


The  effect  of  casing  mass  and  fragment  size  on  the  airblast  from  a high  explosive 
was  examined  experimentally  using  piezoelectric  pressure  gauges  and  scotchlite 
photography.  The  explosive  was  an  8 pound  sphere  of  pentolite  (50/50,  PFTN/ 
TNT).  The  casings  consisted  of  plaster,  which  weight  as  a ratio  to  the  weight  of 
high  explosive  (S/X)  was  0.5  to  3.7,  and  plaster  bonded  iron  pellets,  1 .2  and  4.4 
mm  in  diameter.  Shock  wave  peak  pressure  time  records  were  obtained  in  the  range 
5 to  29  feet  using  12  gauges.  Photographs  were  obtained  at  nearly  8800  frames/scc. 
of  the  expanding  shock  and  case  particles  in  the  range  7 to  25  feet  from  the  charge. 
Compared  with  the  peak  shock  pressure  of  a bare  charge  the  peak  pressure  of  the 
cased  charge  is  strongly  depressed  at  the  shorter  distances  but  recovers  dramatically 
with  increasing  distance.  Trajectories  of  pellets  ahead  of  the  shock  are  correlated 
with  precursors  recorded  on  the  pressure  histories.  Particle  behavior  is  shown  to 
correlate  qualitatively  with  theory  for  dust  laden  gas  by  Gerber  and  Bartos.  It  is 
proposed  that  airblast  shock  pressure  variation  with  distance  is  strongly  influenced 
by  the  effects  on  the  ambient  medium  of  particle  kinetic  energy  dissipation  due  to 
drag  during  the  particles’  flight  ahead  of  the  shock. 


INTRODUCTION 

For  solid  materials  that  surround  or  encase  a high 
explosive  there  exists  a vast  literature  describing  the 
break  up  and  flight  of  the  case  materials  after  deto- 
nation of  the  high  explosive.  In  sharp  contrast  little 
consideration  has  been  given  to  the  general  influence 
of  inert  case  materials  on  the  blast  wave  itself  ( 1 ). 
Furthermore,  while  scattered  test  efforts  involving 
specific  materials  and  geometries  have  been  con- 
ducted, systematic  experimental  effort  is  rare.  This 
paper  reports  on  an  experimental  study  that  was 
made  in  which  spheres  of  high  explosive  encased  in 
plaster  and  plaster  bonded  iron  pellets  (Fig.  1)  were 
detonated  to  determine  the  effect  of  the  surrounds 
on  the  shock  wave  in  free  air.  The  explosive  was 
pentolite  (50/50,  PETN/TNT)  6.5  inches  in  diameter 
and  weighed  about  8.5  pounds.  The  plaster  casings 
varied  in  thickness  from  0.5  to  2.5  inches  (Table  1). 


The  iron  pellet  cases  were  0.5  inches  thick  and  con- 
sisted of  1 .2  and  4.4  mm  pellets  closely  packed  with 
the  intersticlcs  filled  with  plaster  that  acted  as  a bond. 
Measurements  were  made  in  a plane  1 1 feet  above 
ground  and  over  the  range  from  5 to  29  feet  (about 
18  to  107  charge  radii)  by  means  of  twelve  piezo- 
electric airblast  pressure  gauges,  Fig.  2.  Pressure 
histories  of  the  shock  wave  were  recorded.  High 
speed  (~  8800  frames/scc.)  scotchlite  shadowgraphs 
also  were  taken  of  the  expanding  shock  and  case 
debris  in  the  range  from  about  7 to  25  feet,  Fig.  2. 

A comprehensive  description  of  contemporary  airblast 
experimental  technique  may  be  found  in  (2). 

EXPERIMENTAL  METHODS 

1.  Cased  Charge  Fabrication 

Case  specifications  relevant  to  the  experiments  are 
reported  in  Table  1.  Shells  containing  plaster  were 
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TABU-:  1 


Test  Charge  Specifications 


Case 


Kx  plosive* 


Material 

Density 

g/cni3 

Weight 

S (lb) 

S/X 

Pellet 

P (lb) 

P/X 

Weight 

X (lb) 

Plaster  0.5" 

■■ 

4.55 

.54 

8.40 

1.0" 

■■ 

8.77 

1.04 

8.41 

1.5" 

IHI IS 

14.64 

1.75 

8.38 

2.5" 

1.35 

31.41 

3.67 

8.56 

Iron  Pellets  1.2  mm 

12.32 

1.46 

10.62 

1.26 

8.43 

(Plaster  Bonded) 

4.4  mm 

- 

13.97 

1.66 

i 2.40 

1.47 

8.44 

Bare  Charge  Control 



8.56 

'I’ciilnlite  (50/50,  PHTN/TNT)  Spheres 


Fig.  I . Materials  representative  of  casings  used  in  experiments. 
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Fig.  2.  Field  arrangements  for  airb last  measurements. 


cast  as  hem  ipheres  in  wood  molds,  essentially  as 
described  ; (3)  for  thinner  plaster  shells.  In  this  pro- 
gram, however,  hydrocal,  a form  of  plaster-of-paris 
specifically  intended  for  casting  purposes,  was  used. 

In  the  plaster  only  series  the  1 /2-inch  shell  was  made 
with  a weight  ratio  3/1 , dry  plaster  to  water.  How- 
ever, because  of  the  short  setting  time  it  was  decided 
to  use  a 2/1  ratio  for  subsequent  castings.  This 
caused  the  change  in  density  indicated  in  Table  1 . 

The  greater  water  content  was  an  actual  necessity  for 
the  shells  containing  metal  pellets  for  they  had  an 
accelerating  effect  perhaps  due  to  surface  wetting  of 
the  metal  pellets. 

The  metal  pellet  casings  were  intended  to  contain 
the  maximum  amount  of  metal.  Perfectly  packed 
spheres  should  occupy  about  3/4  of  a given  volume. 

In  fact,  the  large  pellet  size  took  up  a bit  less  than 
3/5  and  the  other  just  1/2  of  the  available  volume. 

The  large  iron  pellets  were  air  gun  BB  shot  with  a 
measured  diameter  of  4.4  ± 1%  millimeters.  The  small 
iron  pellets  were  supplied  from  “shot  blasting’’  stock 
and  had  an  average  measured  size  of  1 .2  t 25% 
millimeters.  Both  iron  pellet  cases  when  completed 
liad  a nominal  thickness  of  1 /2  inch. 

Preparation  of  the  charges  for  field  use  involved 
casting  the  explosive  melt  directly  into  the  casing 
hemispheres.  After  cooling,  the  hemispheres  were 
paired  and  bonded  with  adhesive.  For  detonator 
access,  a 1/4-inch  diameter  hole  extending  from  the 


surface  to  a point  1/4  inch  beyond  the  center  of  the 
charge  was  cast  into  the  explosive.  The  bare  charges 
used  in  the  program  were  cast  as  monolithic  spheres 
and  drilled  for  detonator  access.  Pentolite  sensitivity 
is  adequate  to  allow  direct  initiation  with  a deto- 
nator, in  this  case  an  “Engineer’s  Special.” 

2.  Instrumentation  and  Field  Arrangements 

The  shock  pressure  gauge  array  consisted  of  two 
gauges  at  each  of  six  positions,  nominally  5,  7,  9,  12, 
17  and  29  feet.  The  peak  shock  pressure  measure- 
ments ranged  from  3 to  nearly  200  psi.  A quartz, 
piezoelectric,  pencil-type  gauge,  Susquehanna  model 
ST-7,  was  used  at  the  5-  and  7-foot  distances  and 
sometimes  at  the  9-foot  distance.  This  is  a rugged, 
temperature  insensitive,  airblast  gauge  designed  for 
relatively  high  shock  pressures.  At  other  distances 
the  transducers  were  Atlantic  Research  LC  33  units 
with  lead  zirconatc  titanate  sensing  elements.  These 
elements  are  1/4  inch  long  and  1/2  inch  in  diameter 
mounted  coaxial  to  and  at  mid’ length  along  a cylinder 
of  high  length-to-diameter  ratio.  This  arrangement 
minimizes  the  disturbance  to  the  airflow  and  its  pres- 
sure at  the  sensing  element. 

A signal  generated  by  a gauge  is  processed  and 
displayed  on  an  oscilloscope  as  a spot  deflection. 
Permanent  recording  is  done  on  35mm  film  strips 
mounted  on  rotating  drums  that  provide  a relatively 
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long  time  base.  A system  response  check  and  ampli- 
tude calibration  are  accomplished  by  means  of  an 
integral  square  step  method.  A time  base  calibration 
signal  of  one  kHz  is  coupled  into  the  signal  channel 
and  appears  superimposed  on  the  signal  trace  at  a 
square  step. 

The  scotchlitc  technique  (4),  through  highly  ef- 
ficient utilization  of  sou.cc  light,  makes  field  shock 
wave  photography  practical.  It  employs  a high  in- 
tensity light  flash  source  tnat  illuminates  a panel  (18 
feet  X 1 2 feet  in  this  case)  with  a reflective  “scotch- 
lite”  coating.  A high  speed  framing  camera  (Hycam 
in  this  case)  located  near  but  ahead  of  the  light  source 
records  the  event.  As  the  shock  wave  passes  be- 
tween the  camera  and  scotchlitc  panel  the  light  re- 
fracts at  the  shock  front  and  a fairly  sharp  image  of  it 
results.  A total  time  of  about  4 milliseconds  is  re- 
corded as  the  main  shock  wave  moves  from  a position 
about  7 feet  from  the  charge  center  to  about  25  feet 
away. 

Charges  were  suspended  in  fishnet  material  weigh- 
ing a few  grams  with  the  intent  of  minimizing  the 
amount  of  combustible  extraneous  mass  in  proximity 
to  the  charge.  A series  of  bare  pentolite  charges  was 
fired  throughout  the  program  as  a control  on  poten- 
tial unsuspected  instrumentation  and  environmental 
variables  that  might  affect  comparative  results. 

3.  Record  Analysis 

In  Fig.  3 are  shown  representative  sets  of  pressure 
histories  from  bare,  platter  and  iron  pellet  cased 
charges.  They  include  records  from  paired  gauges  at 
each  of  the  six  distances  where  measurements  were 
made.  Bare  charge  rrcords  provide  a comparison 
standard.  In  contrast  with  their  clean,  classical  shape 
several  major  disturbance  patterns  are  apparent  on  the 
cased  charge  records. 

One  type  of  disturbance  is  the  ptecursor.  For  the 
4.4  mm  iron  pellet  records  the  precursor  appears  on 
the  7-foot  record  and  its  duration  increases  to  about 
1 1 msec  at  29  fed.  If  the  average  main  shock  front 
velocity  over  this  range  of  distances  is  taken  to  be 
about  2000  feet  per  second,  then  the  percursor  dura- 
tion implies  a disturbance  moving  about  twice  as  fsst 
or  about  4000  feet  per  second.  Bow  shock  waves  gen- 
erated by  fragments  moving  at  various  supersonic 
speeds  near  a gauge  would  be  expected  to  generate  a 
succession  of  disturbances  not  unlike  that  observed 


here.  Some  main  shock  wave  irregularities  could  be 
similarly  attributed  as  it  overtakes  bow  shock  rem- 
nants in  the  vicinity  of  a gauge  before  equilibrium  has 
occurred.  Other  main  shock  wave  irregularities  arc 
due  simply  to  the  fact  that  the  blast  wave  has  not 
yet  stabilized  and  is  in  a poor  state  of  organization  as 
it  passes  the  nearest  gauges  particularly. 

This  is  graphically  illustrated  in  scotchlitc  photo- 
graphs, Fig.  4.  Hero  are  assembled  frames  selected  at 
regular  intervals.  In  frame  1 the  highly  disturbed 
main  shock  front  is  just  at  the  photo’s  edge.  The  iron 
pellets  visible  through  their  self-generaied  how  shocks 
are  just  ahead  of  the  main  shock.  In  successive  frames 
the  main  front  distrubanccs  gradually  subside  as  the 
main  shock  velocity  rapidly  decreases  from  about 
2200  to  1300  fect/sccond,  while  the  iron  pellets 
streak  rapidly  across  the  field  of  view  at  speeds  on  the 
order  of  4000  fcet/second. 

Returning  to  the  pressure  gauge  records  of  Fig.  3 
representing  plaster  cased  charges,  high  acceleration 
of  case  particles  is  shown  by  the  early  precursor 
presence  at  5 and  7 feet.  However,  subsequent  de- 
celeration due  to  air  drag  is  apparently  so  rapid  that 
no  precursor  or  shock  wave  disturbance  is  present  on 
gauge  records  beyond  9 feet.  The  enlarged  records  at 
the  bottom  of  Fig,  3 show  more  clearly  another  dis- 
tinctive feature  of  the  plaster  records.  The  nature  of 
the  disturbance,  compared  with  that  of  the  iron  pellet 
case  disturbances,  has  changed  here  to  very  short- 
time  pulses  that  appear  as  fine  vertical  lines  and 
persist  to  great  times  after  the  shock  front.  The  fact 
that  these  obcur  throughout  the  records  themselves 
without  significant  amplitude  attenuation  suggests 
that  these  pulses  may  not  be  due  to  bow  shocks  at  all, 
but  rather  may  result  from  direct  solid  particle  im- 
puct  on  the  sensor.  This  would  require  particle  tra- 
jectories to  intercept  the  gauge  at  some,  probably 
small,  angle  due  perhaps  to  slight  gauge  misalignment 
and/or  slight  particle  trajectory  shifts.  There  is  a 
greater  density  of  these  fine  disturbances  for  the 
heavy  plaster  case  compared  with  the  light. 

4.  Peak  Shocks  Pressure  Data 

Some  of  the  peak  shock  pressure  versus  distance 
data  produced  from  the  puressure-time  records  to 
presented  in  Fig.  5 in  conventional  log-log  plot  form. 
More  sensitive  and  useful  curves  for  comparison 
purposes  are  those  of  Fig.  6.  Here,  for  all  case  con- 
figurations treated  in  this  paper,  are  smoothed  curves 
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Fig.  5.  Peak  shack  pressure  vs  distance  for  8 lb. 
pentalite  sphere  encased  in  various  materials. 


drawn  through  data  for  the  ratio  of  cased  charge 
pressure  to  bare  charge  pressure  plotted  as  a function 
of  distance  (and  pressure  level  for  reference  purposes). 
It  is  apparent  that  compared  with  a bare  high  ex- 
plosive charge  the  relative  peak  shock  pressure  of  all 
cased  charges  is  depressed  substantially  at  the  shorter 
distances  but  recovers  dramatically  with  increasing 
distances.  This  pattern  is  most  pronounced  for  the 
heaviest  plaster  case  and  the  cases  containing  iron 
pellets,  both  of  which  have  peak  shock  pressures  that 
are  initially  depressed  by  about  50%.  However,  the 
peak  pressures  for  all  cased  charges  recovered  at  the 
farthest  distances  to  within  5-20%  of  the  bare  charge 
levels. 


BAKE  CHARGE  SHOCK  PRESSURE 


Fig.  6.  Relative  peak  shock  pressure  trends 
(SjX-case  weight  I explosive  weight ) 

DISCUSSION 

Gerber  ct.  al.,  (5)  treat  the  problem  of  a Taylor- 
Scdov  blast  wave  encounter  with  dust  particles. 

These  are  considered  to  have  mass,  in  contrast  with 
earlier  treatments.  One  result  of  the  calculations  is  to 
show  that  particles  initially  located  within  a spherical 
region  about  the  explosion  center  determined  by  a 
theoretically  defined  critical  radius,  may  move  through 
and  ahead  of  the  shock  wave.  After  undergoing  high 
drag  forces  in  the  ambient  gas  ahead  of  the  shock 
front,  a particle  that  is  small  enough  may  in  turn  be 
overtaken  by  the  shock.  In  a final  paragraph  Gerber 
et.  al.,  (5)  state  that  these  results  imply  similar  be- 
havior on  the  part  of  solid  particles  that  are  explo- 
sion products  or  unbumed  matter. 


Since  (5)  deals  with  individual  particles  of  specific 
size  undergoing  acceleration  due  to  aerodynamic  drag 
force,  the  acceleration  phase  for  a solid  case  is  a very 
different  situation  and  is  understandably  not  men- 
tioned in  (5).  Nonetheless,  the  theoretical  description 
of  (5)  is  relevant  to  a cased  charge  configuration  if 
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applied  to  the  period  after  case  break  up  when  par- 
ticles have  been  formed  and  projected  ahead  of  the 
main  shock.  Regardless  of  origin,  particles  of  suf- 
ficient fineness  must  then  decelerate  and  be  overtaken 
by  the  shock.  Plaster  cased  charges  subjected  to  deto- 
nation shocks  would  be  expected  to  produce  mainly 
fine  particles.  On  the  other  hand  the  iron  pellet 
particles  would  be  expected  for  the  most  part  to  re- 
main integral  although  deformed. 

In  Fig.  3 as  discussed  in  a previous  section  of  this 
paper  disturbances  on  pressure-time  records  from 
plaster  cased  charges  arc  observed  to  disappear  at  an 
intermediate  distance  (beyond  9 feet)  in  the  ran Te  of 
measurements;  while  the  iron  pellet  disturbances  per- 
sist out  to  the  maximum  range  of  recording.  Scotch- 
lite  photography  gave  direct  visual  confirmation  of  at 
least  part  of  this  behavior--the  4.4  mm  iron  pellet 
projection  ahead  of  the  shock  over  nearly  the  same 
region  of  observation  as  the  pressure  gauges.  How- 
ever, this  photographic  effort  was  not  sensitive  enough 
to  show  the  fine  particles  of  the  plaster  cases.  Even 
the  1 .2  mm  iron  particles  were  not  visible. 

This  particle  behavior  pattern  is,  in  a qualitative 
sense  at  least,  just  what  is  predicted  by  (5). 


Another  aspect  of  the  physical  circumstances  in- 
volved here  but  not  dealt  with  in  (S)  is  of  critical 
importance  to  the  content  of  the  present  paper.  This 
has  to  do  with  the  changed  conditions  in  the  medium 
ahead  of  the  shock  wave  that  results  from  the  prior 
passage  of  high  velocity  particles  that  dissipate  their 
energy  in  that  medium  by  heating  and  accelerating  it. 
A shock  wave  that  subsequently  passes  through  such 
a heated  moving  medium  must  itself  decelerate  more 
slov/ly  with  distance  than  othc-wise  and  thus  have 
greater  strength  at  greater  distances  than  otherwise. 
The  net  effect  of  this  is  to  provide  an  apparent  or  ef- 
fective feedback  of  energy  from  leading  fragments  to 
following  shock  wave. 

It  is  felt  that  the  airblast  recovery  evidenced  so 
graphically  in  Fig.  6 is  due  at  least  in  part  to  the  above 
described  process.  This  pattern  is  particularly  ap- 
parent in  the  way  the  blast  wave  recovery  occurs  over 
increasing  distance  as  the  plaster  case  relative  itu  is  in- 
creases. With  increased  relative  case  mass  lower 
average  particle  velocities  will  result  and  this  in  turn 


will  cause  slower  dissipation  of  particle  energy  ahead 
of  the  shock.  Yet,  remarkably,  even  with  the  most 
massive  plaster  case-nearly  4 times  the  charge 
weight  -the  airblast  pressure  is  only  about  1 5%  below 
that  of  the  same  charge  without  any  case. 

The  iron  pellet  case  behavior  in  this  regard  is 
similar  except  for  its  overall  lower  pressure  level  com- 
pared with  plaster  for  similar  values  of  S/X.  The 
larger  pellet  particle  size  is  most  likely  the  cause.  De- 
celeration is  a function  of  particle  cross-section  area. 
With  increasing  size  the  cross  soction  area  to  volume 
ratio  decreases  and  the  kinetic  energy  of  the  particle 
is  lost  more  slowly  to  the  ambient  air. 


SUMMARY 

Airblast  piezoelectric  pressure  gauge  <md  scotch- 
lite  photography  techniques  were  employed  to  observe 
patterns  of  behavior  of  fragments  from  friable  cased 
high  explosive  charges.  The  pressure  gauge  data  shows 
a remarkable  pattern  of  shock  wave  pressure  re- 
covery with  distance  (relative  to  bare  charge  results). 
The  level  to  which  relative  pressure  recovers  is  es- 
sentially independent  of  case  mass. 

Theory  by  Gerber  et.  al.,  for  airblast  wave  inter- 
actions with  dust  particles  is  shown  to  be  qualitatively 
applicable  to  acceleration  and  deceleration  behavior  of 
fine  case  fragments  apparent  on  pressure  gauge 
records  as  well  as  course  iron  pellet  case  fragments 
observed  photographically. 

The  insensitivity  of  far  field  airblast  pressure  to  the 
presence  of  inert  and  massive  but  friable  cases  is  be- 
lieved due,  at  kast  in  part,  to  an  effective  energy  feed- 
back mechanism.  This  mechanism  is  believed  related 
tv  influences  on  the  medium  ahead  of  the  blast  wave 
by  f recursor  fragments  as  they  lose  kinetic  energy 
due  to  drag 
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A MULTIPLE  LAGRANGE  GAGE  STUDY  OF  THE  SHOCK 
INITIATION  PROCESS  IN  CAST  TNT* 


M.  Cowperthwaite  and  J.  T.  Rosenberg 
Stanford  Research  Institute 
Menlo  Park,  California  9402 5 


A multiple  Lagrange  gage  study  of  the  shock  Initiation  process  in  cast  TNT  was 
undertaken  to  determine  the  mechanism  of  initiation,  the  hydrodynamic  flow,  and 
the  energy-release  rate  In  the  initiating  wave.  The  particle-velocity  histories 
recorded  at  different  positions  in  the  explosive  combined  with  the  equations  of 
motion  and  the  Rankine-Hugoniot  jump  conditions  show  that  the  flow  derivatives 
and  the  energy-release  rate  at  the  shock  front  change  sign  twice  in  the  buildup  to 
detonation.  The  pressure  gradient  becomes  negative  before  the  particle  velocity 
gradient  in  the  compressive  region  behind  the  shock.  A particle  at  the  shock  front 
is  compressed  when  the  negative  pressure  gradient  created  by  the  overall  liberation 
of  energy  in  the  flow  exceeds  the  expansion  associated  with  the  local  reaction.  The 
negattve  energy -release  rate  is  taken  as  evidence  for  the  occurrence  of  a shock- 
induced  phase  change  in  cast  TNT  in  the  55-kbar  region.  The  gage  data  also  lead  to 
the  concision  that  a nonlinear-shock  velocity / shock-particle  velocity  relationship  is 
necessary  to  describe  shocked  states  in  cast  TNT. 


INTRODUCTION 

Multiple  Lagrange  gage  studies  (1 ) of  a shocked 
explosive  provide  the  information  required  to  esta- 
blish the  mechanism  of  the  shock  initiation  process 
and  to  determine  the  flow  and  energy-release  rate  in 
the  initiating  wave.  The  Lagrange  gages  (2X4)  record 
flow  histories  along  particle  paths  because  they  are 
embedded  directly  in  the  explosive  at  different  depths 
and  follow  the  shock-induced  flow.  These  flow 
histories  are  combined  with  the  equations  of  motion 
to  determine  other  hydrodynamic  properties  and  the 
associated  energy-release  rate  in  the  flow. 

This  paper  presents  a multiple  Lagrange  gage  study 
of  the  shock  initiation  process  in  cast  TNT.  Experi- 
mental procedures  and  pge  profiles  recorded  in  cast 
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TNT  are  presented.  Features  of  the  initiating  flow 
deduced  from  the  gage  records  are  discussed  to 
elucidate  the  mechanism  of  initiation,  and  calculations 
of  the  flow  parameters  and  the  energy-release  rate 
along  the  shock  trajectory  are  given. 

The  shock  front  calculations  presented  here  con- 
stitute the  first  step  in  calculating  the  energy  release 
rate  in  the  initiating  wave  from  data  recorded  by 
multiple  embedded  gages. 


EXPERIMENTAL  PROCEDURES 

Three  multiple  Lagrange  gage  experiments  were 
performed  to  investigate  the  shock  initiation  process 
in  cut  TNT.  The  driver  systems  were  designed  to 
deliver  an  initial  preuure  in  the  cast  TNT  of  about  SS 
kbar.  A typical  driver  system  contains  a P-80  plane 
wave  generator;  a 3-inch-thick,  8-inch-diameter 
Biratol  high  explosive  pad;  and  an  attenuator  to 
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produce  an  initial  pressure  in  the  cast  TNT  in  the 
SS-kbar  region.  The  attenuators  were  impedance- 
mismatch  combinations  of  either  PMMA  (poly- 
methylmethacrylate) and  high-density  glass  or  PMMA 
and  polystryene  foam,  and  their  outputs  were 
checked  using  a manganin  stress  gage  embedded  in 
PMMA. 

A typical  TNT  target  with  gages  embedded  in  the 
explosive  at  different  depths  is  shown  before  and 
after  assembly  in  Figure  1 . The  first  two  TNT  charge 
targets  for  the  initiation  experiments  were  essentially 
built  as  replicas.  Each  assembly  contained  a set  of 
seven  Dremin  loop  particle-velocity  gages  (S)  • (9)  and 
a set  of  five  stress  gages.  The  set  of  particle-velocity 
gages  includes  four  primary  measurement  gages,  one 
time-of-arrival  gage,  and  two  baseless  gages  for 
investigating  explosive  conductivity.  A new  method 


(a)  Expanded  view  showing  gages  in  place 
before  assembly 


(b)  assembled  experiment 

Fig.  1.  Cast  TNT  experiment  with  gages  emplaced  in 
explosive  at  several  depths 
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Fig.  2.  Particle  velocity  histories  recorded  at  different 
Lagrange  positions  in  case  TNT  in  the  third  initiation 
experiment. 

of  embedding  the  gages  between  the  TNT  pads, 
intended  to  minimize  flow  perturbations  by  the  gages, 
was  used  in  building  the  third  initiation  experiment. 
Additional  gages  were  also  incorporated  at  the  top  of 
the  charge  in  an  attempt  to  generate  more  data  in  the 
final  stages  of  initiation.  A PMMA  block  containing 
two  stress  gages  and  one  particle-velocity  gage  was 
placed  on  the  top  of  the  TNT,  and  a stress  and 
particle-velocity  gage  were  emplaced  at  the  interface 
between  this  PMMA  block  and  the  TNT.  Figure  2 
shows  the  particle -velocity  time  profiles  generated 
from  the  gage  records  obtained  in  the  third  initiation 
experiment.  The  first  and  fifth  profiles  in  Figure  2 
give  the  particle  velocities  recorded  at  the  external 
interfaces  between  PMMA  and  TNT  at  the  bottom 
and  top  of  the  charge.  The  second,  third,  and  fourth 
profiles  give  the  particle  velocities  recorded  at  the 
internal  TNT  interfaces,  and  the  last  profile  gives  the 
particle  velocity  induced  in  the  PMMA  at  the  top  of 
the  charge  by  the  reactive  wave.  Comparison  of  the 
particle-velocity  records  obtained  in  all  three  initia- 
tion experiments  showed  that  the  records  obtained  in 
the  third  experiment  are  superior  to  those  obtained 
in  the  first  two  experiments.  The  improvement  in  the 
records  is  attributed  to  the  new  method  of  embedding 
the  gages  between  the  pads  of  TNT.  The  calculation 
of  the  flow  and  energy-release  rate  at  the  shock  front 
was  consequently  based  largely  on  the  particle- 
velocity  records  obtained  in  the  third  experiment. 

THE  SHOCK  INITIATION  PROCESS  IN  CAST  TNT 

The  sets  of  particle-velocity  profiles  obtained  in 
the  shock-initiation  experiments  show  the  develop- 
ment of  the  wave  produced  in  cast  TNT  by  a shock 
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with  an  initial  peak  pressure  in  the  55-kbar  region. 

The  observation  that  peak  particle  velocity  increases 
with  wave  propagation  distance  shows  immediately 
that  the  flow  is  reactive  and  that  the  TNT  is  under- 
going initiation  of  detonation.  More  detailed,  but 
still  qualitative,  interpretation  of  the  particle-velocity 
profiles  leads  to  properties  of  the  particle-velocity 
fields  of  these  initiating  waves.  The  combination  of 
these  properties  with  the  equations  of  motion  yields 
other  properties  of  the  flow  that  elucidate  the  mech- 
anism of  the  shock  initiation  process  in  c?st  TNT. 
These  properties  are  derived  from  the  cast-TNT 
particle-velodty  data  in  the  remainder  of  this  section. 
The  quantitative  calculation  of  states,  flow  derivatives, 
and  energy-release  rate  along  the  shock  trajectory  are 
given  in  the  following  section. 

Examination  of  the  digitized  data  used  to  construct 
the  particle-velocity  profiles  leads  to  the  conclusion 
that  the  impulsive  acceleration  recorded  by  a gage 
entering  the  flow  can  be  treated  as  a shock  discon- 
tinuity governed  by  the  Rankine-Hugoniot  jump 
conditions.  The  shocked  state  is  chosen  as  the  point 
on  the  particle-velodty  profile  where  the  time  deriva- 
tive of  the  particle  velocity  changes  most  rapidly.  The 
flow  after  this  point  is  assumed  to  be  governed  by  the 
differential  equations  expressing  the  conservation  of 
mass,  momentum,  and  energy. 

It  is  convenient  at  this  point  to  introduce  the 
notation  we  will  use  to  describe  the  shock-induced 
flow.  Let  t,  h,  u,  and  U denote  time,  Lagrange 
distance,  particle  velocity,  and  shock  velocity;  let  y, 
p,  and  e denote  specific  volume,  pressure,  and  specific 
internal  energy;  and  let  the  subscripts  o and  s denote 
the  unshocked  state  and  the  shocked  state  at  the  top 
of  the  shock  discontinuity.  Then  states  connected  by 
the  shock  are  related  by  the  jump  conditions  express- 
ing the  balance  of  mass,  momentum,  and  energy 
across  the  discontinuity. 


v»U  ■ v0(U  - u,)  (1) 

v0(p,  - Po)  = Uu»  (2) 

e.-eo*  (p.  + PoXvo  -v,)  (3) 

The  adiabatic  flow  behind  the  shock  is  governed  by 
the  corresponding  differential  equations, 


dv  du 

at  “v°  3h 
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The  combination  of  Eq.  (6)  with  the  e = e(p,  v,  X) 
equation  of  state  yields  a more  useful  form  of  the 
energy  equation 


at  v at  v at 


(7) 


where  X denotes  the  extent  of  reaction,  Q denotes  the 
heat  of  the  reaction,  x is  related  to  the  sound  speed  c 
by  the  identity  c2  = xpv,  and  T/v  = (3p/de)v,\  is  the 
well-known  Griineisen  parameter.  It  is  convenient  to 
rewrite  the  volumetric  energy-release  rate,  the  third 
term  in  Eq.  (7),  as  P,  and  the  specific  energy-release 
rate  as  Q = Pv/I\ 

We  will  now  derive  properties  of  the  particle- 
velocity  field  in  the  initiating  wave.  Consider  the  best 
set  of  (u  - 1)  profiles  shown  in  Figure  2 where  the 
shock  trajectory  is  shown  schematically  as  1234. 
Examination  of  these  profiles  shows  that  the  variation 
of  particle  velocity  behind  the  shock  depends  strongly 
on  the  Lagrange  coordinate.  The  particle  velocity 
attains  its  maximum  value  at  the  shock  front  and 
decays  behind  the  shock,  du/dt  < 0,  at  the  first  and 
the  fourth  Lagrange  gage  positions  but  not  at  the 
second  and  third.  At  these  latter  positions  the 
particle  vebcity  behind  the  shock  front  first  increases, 
du/dt  > 0,  then  attains  a maximum  value,  du/dt  = 0, 
and  finally  decays,  du/dt  < 0.  Thus,  the  sign  of  the 
acceleration  (du/dt),  at  the  shock  front  changes  from 
negative  to  positive  and  back  from  positive  to  nega- 
tive as  the  shock  accelerates  and  the  wave  builds  up 
to  a steady  state.  Consequently,  there  must  be  two 
points,  say  U and  U',  on  the  shock  trajectory  where 
(du/dt),  * 0.  In  Figure  2,  these  points  are  located 
somewhere  between  the  first  and  second  Lagrange 
gage  positions  and  somewhere  between  the  third  and 
fourth  Lagrange  portions.  The  locus  of  points, 
where  du/dt  » 0,  forms  a curve  in  the  (t  - h)  plane, 
say  UU’,  which  intersects  the  shock  trajectory  at  the 
points  U and  U'  and  divides  the  flow  behind  the  shock 
into  two  regions  according  to  the  sign  of  du/dt.  The 
flow  lying  below  UU'  satisfies  the  condition  du/dt  > 0, 
and  the  flow  lying  above  UU'  the  condition  du/dt  < 0. 
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Properties  of  the  pressure  field  behind  the  shock  in 
the  initiating  wave  determined  by  the  acceleration 
follow  from  the  momentum  equation,  Eq.  (5).  Since 
(3p/3h)  > 0 when  du/dt  < 0,  (dp/dh)  < 0 when 
3u/dt  > 0,  and  dp/dh  = 0 when  du/dt  = 0,  it  follows 
from  the  previous  discussions  of  the  (u  - 1)  profiles 
that  the  sign  of  the  pressure  gradient  behind  the 
shock  also  depends  strongly  on  Tagrange  position.  To 
be  more  specific,  the  pressure  attains  a maximum 
with  respect  to  Lagrange  distance  in  the  (t  - h)  plane 
along  UU',  the  pressure  gradient  is  negative,  dp/dh  < 0, 
in  the  flow  behind  the  shock  lying  below  UU',  but  is 
positive,  3p/3h  > 0,  in  the  flow  behind  the  shock 
lying  above  UU'. 

Other  properties  of  the  particle-velocity  field  in 
the  initiating  wave  follow  from  the  relative  positions 
of  the  shock  trajectory  and  the  (u  - 1)  profiles,  and 
the  following  equations  governing  the  shock 


(10) 


Equation  (8)  is  a combination  of  the  identify  Du,/Dt 
= du/dt,  + U 3u/3h,  and  Eq.  (4),  and  Eq,  (9)  is  a 
combination  of  the  corresponding  identify  far  Dp,/Dt', 
Eq.  (5),  and  the  equation  Dp(/Dt  = (Dp/Du),  Dug/Dt 
relating  the  pressure  and  particle  velocity  along  a 
Hugoniot  curve.  Equation  (10)  is  a combination  of 
Eqs.  (8),  (9),  and  (7).  Note  that  the  term  in  square 
brackets  on  the  right-hand  side  of  Eq.  (10)  is  positive 
because  c?  - (U  - u)2  > 0 for  a stable  shock.  It 
follows  from  Eq.  (8)  that  the  sign  of  du/dh,  and 
dv/dt,  at  a point  on  the  shock  trajectory  can  be 
determined  by  comparing  the  values  of  Du,/Dt  and 
du/dt,  at  that  point.  When  the  shock  is  accelerating 
and  Dug/Dt  >0  as  in  the  present  case,  du/dh,  and 
3v/3t,  > 0 where  du/dt,  < 0,  but  du/dh,  < 0 and 
dv/dt,  < 0 where  du/dt,  > Du,/Dt.  Examination  of 
Figure  2 shows  that  du/dh,  < 0 and  dv/dt,  < 0 at 
the  second  and  third  gage  positions  where  du/dt,  > 
Du,/Dt,  but  that  du/dh,  > 0 and  dv/dt,  > 0 at  the 


first  and  fourth  gage  positions  where  3u/3ts  < 

Dus/Dt.  The  sign  of  3u/3hs  and  dv/dt.)  at  the  shock 
front  therefore  changes  from  positive  to  negative  and 
back  from  negative  to  positive  as  the  shock  accelerates 
and  the  wave  builds  up  to  a steady  state.  There  must 
be  two  points,  say  V and  V',  on  the  shock  trajectory 
where  (3u/3h)s  = (dv/dt),  = 0.  The  points  V and  V' 
must  lie  between  the  points  U and  U'  where  du/dt, 

= 0 because  3u/3h,  > 0 when  3u/3t,  = 0.  Particles 
entering  the  wave  below  V and  above  V'  on  the 
shock  trajectory  are  compressed  to  their  smallest 
volume  at  the  shock  front,  and  they  then  expand 
3v/3t  > 0.  But  particles  entering  the  wave  between  V 
and  V'  on  the  shock  trajectory  are  compressed  first 
by  the  shock  and  then  compressed  again  behind  the 
shock  to  their  smallest  volume  before  undergoing 
expansion  3v/3t  > 0.  The  locus  of  points  where 
dv/dt  = 0 is  a curve  in  the  (t  - h)  plane  that  intersects 
the  shock  trajectory  at  V and  V'  and  lies  to  the  right 
of  the  curve  where  du/dt  = 0.  This  curve,  say  W', 
divides  the  flow  in  the  (t  - h)  plane  behind  the  shock 
into  two  regions  according  to  the  sign  of  du/dh.  The 
flow  behind  the  shock  below  W'  satisfies  the  con- 
dition du/dh  < 0,  and  the  flow  above  W'  the  con- 
dition du/dh  > 0. 

The  other  important  flow  derivative  to  be  con- 
sidered in  the  initiation  process  is  dp/dt.  At  points 
on  the  shock  trajectory  between  U and  U\  dp/dt,  > 0 
because  dp/dh,  < 0 and  Dp,/Dt  > 0.  There  must 
therefore  be  a point  above  U'  on  the  shock  trajectory, 
say  P',  where  dp/dt,  = 0 because  dp/dt,  < 0 in  the 
self-sustaining  wave.  It  is  not  clear  whether  there  is 
another  point  on  the  shock  trajectory  where  dp/dt,  = 

0 because  dp/dh,  >0  at  the  first  Lagrange  gage  posi- 
tion. There  will,  however,  be  such  a point  if  initially 
dp/dt,  < 0.  This  is  the  situation  in  the  present  case 
because  evaluation  of  Dp,/Dt  and  U dp/dh,  at  the 
first  gage  position  shows  that  dp/dt,  < 0 there.  This 
point,  say  P,  on  the  shock  trajectory  where  dp/dt,  = 0 
must  lie  below  the  point  U where  dp/dt  = 0 generates 
a curve  in  the  (t  - h)  plane  to  the  left  of  the  curve  UU' 
where  dp/dh  3 0 that  divides  the  flow  in  the  (t  - h) 
plane  behind  the  shock  into  a region  where  dp/dt  > 0 
and  a region  where  dp/dt  < 0. 

In  cast  TNT  initiated  by  ft  shock  with  an  initial 
pressure  in  the  55-kbar  region,  the  derivatives  of  pres- 
sure and  particle  velocity  at  the  shock  front  change 
sign  twice  as  the  wave  builds  up  to  a steady  state.  The 
first  change  in  sign  occurs  in  the  order  (dp/dt, , dp/dh,, 
du/dh,},  and  the  second  change  in  sign  in  the  reverse 
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order  {du/dh,,  dp/dh,,  dp/dt,}.  The  hydrodynamic 
properties  of  the  flow  deduced  from  the  (u  - t)  pro- 
files can  now  be  used  to  consider  the  energy-release 
rate  in  the  initiating  wave. 

It  is  clear  from  the  way  the  flow  derivatives 
change  sign  as  the  wave  develops  that  the  initiation 
process  is  governed  predominantly  by  the  energy- 
release  rate  in  whole  wave  rather  than  by  the 
energy-release  rate  close  to  the  shock  front.  The 
shock  accelerates  when  the  energy -release  rate  at  the 
shock  front  exceeds  the  hydrodynamic  loss  associated 
with  the  expansion  at  the  shock  front.  Initially,  the 
shock  accelerates  and  the  pressure  increases  along  the 
shock  trajectory  but  decreases  along  a particle  path, 
because  the  energy-release  rate  is  not  large  enough  to 
compensate  for  the  positive  pressure  gradient  created 
by  the  expansion  of  the  wave.  As  the  shock  continues 
to  accelerate,  however,  the  energy  liberation  in  the 
wave  opposes  the  rarefaction  and  reduces  the  pressure 
gradient.  This  reduction  in  pressure  gradient  leads 
first  to  the  conditions  dp/dt,  > 0,  then  to  the  con- 
ditions dp/dh,  < 0 when  du/dt,  > 0,  and  finally  to 
the  conditions  du/dh,  < 0 and  dv/dt,  < 0.  When 
dp/dh,  < 0 and  du/dh,  >0,  the  mechanical  compres- 
sion exerted  by  the  negative  pressure  gradient  at  the 
shock  front  cannot  overcome  the  expansion  associated 
with  the  local  reaction  at  the  shock  front.  When 
dp/dh,  < 0 and  du/dh,  < 0,  the  compression  at  the 
shock  front  created  by  the  overall  liberation  of 
chemical  energy  in  the  wave  more  than  offsets  the 
expansion  associated  with  the  local  reaction  at  the 
shock  front,  and  particles  are  compressed  at  the 
shock  front  as  they  enter  the  wave.  As  the  shock 
accelerates,  the  expansion  associated  with  the  reac- 
tion at  the  shock  front  starts  to  dominate  the  flow 
and  the  wave  becomes  rarefactive.  This  expansion 
leads  first  to  the  conditions  dv/dt,  > 0 when  du/dh, 

> 0,  then  dp/dh,  > 0 when  the  particles  are  deceler- 
ated at  the  shock  front  du/dt,  < 0,  and  Anally  back 
to  the  consitions  dp/dt,  < 0 where  the  pressure  falls 
along  a particle  path. 

The  energy-release  rate  and  flow  derivatives  are 
simply  related  at  points  on  the  shock  trajectory 
where  one  of  the  flow  derivatives  is  zero.  It  follows 
from  (8),  (9),  and  (10)  that 


at  P and  P'  where  dp/dt,  = 0,  that 


at  IJ  and  U'  where  du/dt,  = dp/dh,  = 0,  and  that 


at  V and  V'  where  du/dh, dv/dt,  = 0. 

Consider  now  the  flow  behind  the  shock.  In  the 
initial  and  final  stages  of  buildup  below  P and  above 
P',  the  pressure  falls  along  a particle  path  because  the 
energy -release  rate  cannot  overcome  the  hydrodynamic 
loss  associated  with  expansion,  and  P < (c/v)2v„ 
du/dh.  In  the  intermediate  stage,  however,  the  pres- 
sure first  increases  along  a particle  path  P > 
(c/v)2v0du/dh,,  attains  a maximum  where  P = 
(c/v)2v„du/dh,  and  then  decays  P < (c/v)2vudu/dh. 

Thus,  interpretation  of  the  particle-velocity 
histories  recorded  in  a single  shock-initiation  experi- 
ment on  cast  TNT  leads  to  an  understanding  of  the 
mechanism  of  initiation  in  this  explosive.  The  de- 
duced flow  properties  of  the  initiating  wave  are  con- 
sidered to  be  realistic  because  they  are  based  on 
features  of  the  particle-velocity  histories  that  are 
obtained  in  all  three  initiation  experiments. 

CALCULATION  OF  FLOW  PARAMETERS 
AT  THE  SHOCK  FRONT 

Calculations  of  the  flow  parameters  at  the  front 
of  the  initiating  wave  are  based  on  the  (u  - 1)  profiles 
shown  in  Figure  2.  It  is  first  necessary  to  construct 
the  Hugoniot  curve  from  the  shock  arrival  times  and 
shock  particle  velocities  recorded  by  the  gages.  An 
analytic  (t  - h)  expression  for  the  shock  trajectory 
was  constructed  to  fit  the  time-of-arrival  data  and 
differentiated  to  find  shock  velocity.  Shock  velocity 
was  then  plotted  against  shock-particle  velocity  to 
determine  the  form  of  the  Hugoniot  curve  in  the  U-u 
plane.  Examination  of  this  plot  showed  that  a non- 
linear U-u,  relationship  is  required  to  fit  the 
Hugoniot  curve  in  the  region  spanned  by  the  gages. 

The  following  U-u,  relationship 

U = 2.343  + 3.1 50  u,  - 0.839  expf(u,  - u*)/0i  ] (14) 
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with  u*  = 0.839  mm/psec  and  (3j  = 1 .288  was  found 
to  give  a good  fit  to  the  gage  data.  A relationship  for 
the  dependence  of  shock-particle  velocity  on  Lagrange 
position  in  the  initiating  wave  was  then  constructed. 
The  following  ut  - h relationship 

u$  = Uj  + 0.45  0 fin  [(a  + eh^)/(a  + 1 )j  (15) 


2 for  an  initial  density  of  1 .61  gm/cm3.  The  values 
of  the  derivatives  in  Table  2 are  given  to  five  figures 
for  computational  purposes,  and  a value  of  P = 0.68 
was  used  to  compute  the  sound  speed. 

The  values  of  9u/9ts  calculated  from  the  gages 
records  can  now  be  combined  with  the  identities 


where  Uj  denotes  the  initial  shock -particle  velocity, 
a * 1500,  and  the  value  of  the  characteristic  distance 
0 ■ 0.1 8 was  found  to  give  a good  fit  to  the  shock- 
particle  velocity  in  the  range  0 < h < 3.208  cm 
spanned  by  the  fir  st  four  gages. 

Equations  (14)  and  (15),  together  with  the 
Rankine-Hugoniot  jump  conditions,  allow  the  calcula- 
tion of  ut,  U,  v,,  p,  Dut/Dh,  DU/Dh,  Dp,/Dh, 
(Dp/Dv)$  and  (c/v)2  along  the  shock  trajectory  in  the 
domain  of  the  (t  - h)  plane  spanned  by  the  first  four 
gages.  Equations  (14)  and  (15)  can  be  used  to  calcu- 
late us  and  U for  a given  value  of  h,  and  then  v,  and 
p,  can  be  calculated  from  Eqs.  (1)  and  (2)  when  the 
initial  density  pQ  of  the  explosive  is  specified. 
Differentiation  of  Eqs.  (14)  and  (15)  gives  expressions 
for  computing  Du(/Dh  and  DU/Dh,  and  differentia- 
tion of  Eq.  (2)  gives  the  following  expression  in 
terms  of  those  derivatives  for  computing  Dp,/Dh, 


The  corresponding  equation  for  computing  the  slope 
of  the  Hugoniot  curve  in  the  (p  - v)  plane, 


is  obtained  by  differentiating  Eqs.  (1 ) and  (2).  And 
the  equation  for  calculating  the  sound  speed  c2  = 
(xpv),  along  the  Hugoniot  curve 


is  obtained  by  combining  differential  forms  of  the 
Hugoniot  equation  Eq.  (3)  and  the  e * e(p,  v)  equa- 
tion of  state  of  the  explosive. 

Values  of  these  shock  parameters  in  cast  TNT  at 
the  first  four  gage  positions  are  given  in  Tables  1 and 


_ 3u_  J_  j3u 

Dh  " 3hs  U 3ts 

°p»  _ ap  l dp 

Dh  = 3h,  + U dt, 


(19) 

(20) 


the  momentum  equation  Eq.  (5),  and  the  energy 
equation  Eq.  (7),  to  calculate  du/dh(,  dp/dtg,  and  the 
volumetric  energy-release  rate  P,  aiong  the  shock 
trajectory  in  the  region  spanned  by  the  first  four 
gages.  The  calculated  values  of  these  derivatives  at 
the  gage  positions  are  given  in  Table  3.  Plots  of  the 
dependence  of  du/dt(,  du/dhg,  and  dp/dt,  on 
Lagrange  distance  are  shown  in  i 'igure  3 and  a plot  of 
£t  along  the  shock  trajectory  is  shown  in  Figure  4. 

TABLE  l 


Hugoniot  Data  for  Cast  TNT 


h 

(cm) 

Us 

(mm/ 

Msec) 

U 

(mm/ 
pse  c) 

v. 

(cm3/gm) 

Ps 

(kbar 

-(Dp/Dv)j 

(kbar 

gm/cm3) 

0.000 

0.825 

4.11 

0.496 

54.66 

1325.69 

1.057 

0.839 

4.15 

0.495 

56.05 

1358.21 

2.121 

1.196 

5.00 

0.473 

96.30 

2219.18 

3.208 

1.675 

6.01 

0.448 

162.22 

2462.53 

TABLE  2 

Derivatives  Along  the  Shock  Path  in  Cast  TNT 


h 

(cm) 

Du,/Dh 

(Msec)*1 

DU/Dh 

Otsec)*1 

— 

Dpj/Dh 

(kbar/mm) 

(c/v)2 

(kbar 

gm/cm3) 

0.000 

0.00003 

0.00008 

0.00299 

1249.96 

1.057 

0.00861 

0.02657 

0.86592 

1279.53 

2.121 

0.04449 

0.10193 

5.54552 

2051.51 

3.208 

0.04500 

0.08568 

6.67061 

2262.47 
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TABLE  3 


Flow  Derivatives  and  Energy-Release  Rate  Along 
the  Shock  Path  in  Cast  77V  ’ 


h 

(cm) 

du/dtj 

(mm//isec2) 

du/dhs 

OiSCC)"1 

dp/dts 

(kbar//iscc) 

i kbar/psec) 

0.000 

-0.075 

0.018 

-4.92 

9.15 

1.057 

0.242 

-0.050 

19.77 

-19.81 

2.121 

0.121 

0.020 

37.51 

11.70 

3.208 

- 

-0.804 

0.158 

-37.70 

184.84 

Fig.  3.  Flow  derivatives  of  particle  velocity  and 
pressure  at  the  shock  front. 


Figure  3 shows  the  relative  positions  of  the  points 
on  the  shock  trajectory  considered  in  the  previous 
section,  where  the  derivatives  dp/dt,,  du/dtg,  and 
du/dh,  change  signs  and  become  zero  as  the  wave 
builds  up  to  detonation.  Examination  of  the  plots  in 
Figure  3 shows  that  the  points  P,  U,  and  V where 
these  derivatives  first  change  sign  lie  very  close 
together,  but  that  the  points  P\  U',  and  V'  where 
these  derivatives  change  sign  again  are  clearly 
separated.  Figure  4 shows  that  the  energy-release  rate 
at  the  shock  front  changes  sign  as  the  wave 
develops.  The  rapid  change  in  Pt  with  shock  pressure 
is  taken  in  this  paper  as  evidence  of  a phase  change 
in  the  55-kbar  region  in  cast  TNT.  However,  the 


GO  100  ISO  200 


P,  kb*r 

MA-210M2-3 

Fig.  4.  Volumetric  energy-release  rate  along  the 

shock  trajectory. 

calculations  leading  to  this  conclusion  are  based  on 
the  assumption  that  the  shock  always  accelerates,  and 
an  initially  decaying  shock  is  compatible  with  the 
shock-arrival  times  recorded  at  the  first  two  gage 
positions. 

CONCLUSIONS 

Multiple  Lagrange  gage  studies  of  explosives  pro- 
vide the  data  required  to  establish  mechanisms  of 
initiation,  to  calculate  the  shock  properties  of 
explosives,  and  to  determine  the  flow  properties  and 
energy-release  rates  in  their  initiating  waves.  The 
present  Lagrange  gage  study  of  cast  TNT  leads  to  the 
following  conclusions: 

• Appreciable  reaction  occurs  behind  the  shock 
in  the  early  stages  of  initiation  because  the 
derivatives  of  pressure  and  particle  velocity  at 
the  shock  front  change  sign  in  the  order 
(dp/dt„  dp/dh,,  du/dh,}  as  the  wave  builds  up. 
While  dp/dt,  becomes  positive,  dp/dh,  and 
du/dh,  become  negative. 
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• In  the  region  of  the  wave  where  the  particle 
velocity  gradient  is  negative  and  particles  are 
compressed,  the  negative  pressure  gradient 
created  by  the  overall  reaction  in  the  wave 
exceeds  the  expansion  associated  with  the  local 
reaction. 

• A nonlinear  shock-velocity/shock -particle 
velocity  relationship  is  required  to  describe  the 
shocked  states  attained  in  cast  TNT. 

• The  calculated  negative  rate  of  change  of 
energy -release  rate  at  the  shock  front  with 
increasing  pressure  is  evidence  for  the  occur- 
rence of  a shock-induced  phase  change  in  cast 
TNT  in  the  55-kbar  region. 

The  particle  velocity  profiles  shown  in  Figure  2 will 
be  used  in  future  work  to  integrate  the  equations  of 
motion  from  the  shock  front  and  determine  the  flow 
and  energy-release  rate  in  the  initiating  wave  behind 
the  shock . 
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